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PREFACE 


The Engineering Design Handbook of the 
Army Materiel Command is a coordinated series 
of handbooks containing basic information and 
fundamental data useful in the design and develop- 
ment of Army materiel and systems. The Hand- 
books are authoritative reference books of practical 
information and quantitative facts helpful in the 
design and development of materiel that will meet 
the needs of the Armed Forces. 

This handbook, one of a series on ammunition, 
presents a general survey of the principal factors 
affecting the flight of projectiles, and describes the 
methods commonly used for predicting and in- 
fluencing the flight performance. 

The coefficients which characterize the aero- 
dynamic forces and moments on a moving body 
are identified, methods for determining the coeffi- 
cients applicable to a projectile having a given 
shape and center of gravity location are described, 
and the coefficients of a number of projectiles and 
projectile shapes are given. 

The use of aerodynamic coefficients in predicting 
stability, range and accuracy is described. The 
effects of variations in projectile shape and center 
of gravity location on range, accuracy and lethality 
are discussed. Some material on prototype testing 
and the effects of round-to-round variations in 
production lots is presented. 

It is no longer possible, if it ever was, to cram 
into a few hundred pages all of the information 


required to intelligently design every type of con- 
ventional projectile. The author must choose be- 
tween constructing a digest of available informa- 
tion, or directing the designer to the sources perti- 
nent to his problem, together with enough back- 
ground material to make it possible for him to use 
the data in the original reports. The second ap- 
proach has been chosen in this handbook; the ma- 
terial presented is intended to place the designer 
in a position to use new information as it is pro- 
duced by the various research facilities. 

This text was prepared by E. L. Kessler, assisted 
by D. Vineberg, both of the staff of The Budd 
Company. Much of the material and many helpful 
comments were supplied by the U.S. Army Ballistic 
Research Laboratories and by the Picatinny and 
Frankford Arsenals. Final editing and arranging 
were by the Engineering Handbook Office of Duke 
University, prime contractor to the Army Research 
Office-Durham. 

Elements of the U.S. Army Materiel Command 
having need for handbooks may submit requisitions 
or official requests directly to the Publications and 
Reproduction Agency, Letterkenny Army Depot, 
Chambersburg, Pennsylvania 17201. Contractors 
should submit such requisitions or requests to their 
contracting officers. 

Comments and suggestions on this handbook are 
welcome and should be addressed to Army Re- 
search Office-Durham, Box CM, Duke Station, 
Durham, North Carolina 27706. 
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CHAPTER 1 

INTRODUCTION 


1 — 1. GENERAL This handbook is concerned with 
the design of projectiles fired from guns. The pro- 
jectiles considered are of greater size and weight 
than can normally be fired from a hand-held 
weapon, and they are not equipped with guidance 
systems. It will be assumed that they are bodies 
of revolution, sometimes equipped with fins, and 
fly in the general direction of the longitudinal axis. 


1—2. MEASURES OF PERFORMANCE 

The principal measures of the performance of 
a projectile are: 

a. Range 

b. Lethality 

c. Accuracy 

d. Time of flight 

The values taken on by these measures when a 
round, or group of rounds, is fired are determined 
by atmospheric conditions, muzzle velocity, gun 
orientation, target or burst elevation relative to gun, 
and by flight characteristics designed and built into 
the projectile. 

The primary flight characteristics which directly 
influence the trajectory are : 

a. Drag 

b. Aerodynamic jump 

but both drag, which chiefly affects range and time 
of flight, and jump, which chiefly affects accuracy, 
are themselves determined by a number of projectile 
characteristics which we will call secondary flight 
characteristics, namely : 


a. Zero-yaw drag coefficient 

b. Yaw-drag coefficient 

e. Sectional density 

d. Lift coefficient 

e. Stability 

f. Asymmetry effects 

g. Wind sensitivity 

h. Muzzle blast sensitivity 

The lift and drag coefficients are functions of 
projectile shape and airspeed. Stability is primarily 
a function of shape, airspeed, air density, and spin 
rate, and of the manner in which the mass of the 
projectile is distributed. Muzzle blast sensitivity 
depends on essentially the same parameters as 
stability. Wind sensitivity depends on the lift and 
drag coefficients, on stability, and, in the case of 
rocket-assisted projectiles, on the ratio of thrust 
to drag. Practically all projectile bodies (and 
fins) are designed with rotational symmetry; their 
asymmetry arises in the manufacturing process. 
Fuzes, however, are usually asymmetric internally ; 
the center of gravity of the fuze does not lie in 
the projectile axis. 

All of the above secondary flight character- 
istics, and therefore the primary flight charac- 
teristics, are controllable by the designer to within 
a narrow range ; round to round variations arise 
owing to manufacturing tolerances and to changes 
in muzzle velocity, air density and wind pattern. 
Stringent manufacturing tolerances may be im- 
posed by the designer if the accuracy improvement 
obtained can justify the increased cost of manu- 
facture. 

1—3. LOGISTICAL CONSIDERATIONS 

This above statement leads into the area of 
logistics. The designer must constantly bear in 
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mind the elements of cost, storability, and trans- 
portability. He should avoid, where possible, the 
use of materials likely to be in short supply during 
wartime. He will often be limited by the facilities 
for loading the projectile into the gun, and by the 
design of the gun chamber. Most of these con- 
siderations are beyond the scope of this particular 
handbook, but are covered in other design hand- 
books of this series. 

It is not difficult to design a projectile having 
long range, a relatively short time of flight, and 
a small round-to-round dispersion. However, the 
projectile might, and probably would, have such a 
small destructive value, or lethality, that it would 
be useless as a weapon. THE PRIME FUNCTION 
OF THE PROJECTILE DESIGNER IS TO 
FIND THAT COMPROMISE AMONG RANGE, 
ACCURACY" AND LETHALITY' WHICH WILL 
BEST SUPPORT THE MISSION OF THE 
WEAPON Sl'STEM UNDER CONSIDERA- 
TION. 

For example, modification of an existing pro- 


jectile by increasing the length of its ogive, while 
preserving the overall length of the projectile, 
should decrease its drag coefficient and, therefore, 
increase its range. However, the stability of the 
round will be altered, with some effect on accuracy; 
the volume of the projectile will be decreased, with 
resulting decrease in lethality (or other measure of 
usefulness, as in the case of smoke or illuminating 
projectiles). These trade-offs are discussed in de- 
tail in the body of this handbook. 

In most of the discussions in this handbook it 
will be tacitly assumed that the designer is given 
the projectile diameter and the characteristics of 
the gun from which it is to be fired, i.e., upper 
limits on chamber pressure, muzzle energy and 
muzzle momentum have been established by the 
gun designer. Occasionally, but not often, the pro- 
jectile designer may be able to specify the twist of 
the rifling. If the designer is equipped to make 
correct design decisions for any one caliber, he will 
be able to cope with the problem of choosing an 
optimum caliber for a given mission, should that 
problem arise. 
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CHAPTER 2 

TRADE-OFFS 


2—1. GENERAL 

If the solution of a trade-off problem is ex- 
pressed in numbers, an intelligent compromise be- 
tween conflicting goals can only be reached when 
the cost of falling short of each goal can be ex- 
pressed in numbers. Furthermore, these penalty 
numbers must be ih the same system, i.e., they 
must be capable of being added or multiplied to- 
gether to give a significant number 

One useful concept, borrowed from economics, 
is that of “utility”, expressed as a number which 
lies between zero, standing for useless, and unity, 
standing for maximum usefulness attainable in the 
given situation. If the utility of eaeh element of a 
situation can be computed, the utility of the over- 
all situation can be found by multiplying, or. 
in some cases, adding, the utilities of the elements, 
(The sum may be divided by the number of com- 
ponents if the convention that utility' cannot exceed 
unity is to be retained.) 

In order to construct the curves which express 
the utilities of the various elements of projectile 
performance, the designer must obtain, from the 
agency responsible for defining the military require- 
ment, statements about the relative values of war- 
heads of different volumes for the purposes, and at 
the ranges, pertinent to the mission of the pro- 
jectile. Similar statements must be obtained about 
the usefulness of increased range, decreased time 
of flight, and improved accuracy. While the state- 
ments obtained may be mainly qualitative, such as 
“we can stand a little reduction in warhead volume, 
but a 50% reduction would be unacceptable,” or 
“anything more than twice the present range is 
considered to be beyond the mission of this pro- 
jectile,” they can be translated into numerical 


utility curves. The designer should discuss the 
utility curves with the coustomer before proceed- 
ing with the design; some clarification of design 
objectives is likely to result. Examples of trade- 
off are given below. 

2—2. INCREASED RANGF VS WARHEAD 
VOLUME 

2 — 2.1 Utility of Standard Projectile Assumed 
Equal to Zero for Standard Range 

As an example, suppose that the problem is the 
design of a rocket-assisted projectile to be fire 
from an existing gun. Range is increased by the 
addition of rocket fuel ; however, the overall length 
of the projectile is limited by stability or handling 
considerations, so that as the amount of rocket fuel 
is increased, the volume of the warhead, and there- 
fore its lethality, is decreased. The designer can 
compute the trade-off curve of range vs warhead 
volume, and fit this curve with a simple algebraic 
expression. For example, the curve might be as 
shown below. 



Warhead Volume 
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Here X, tt and Vol, ti represent the range and 
warhead volume, respectively, of the standard pro- 
jectile fired from the given gun. The design prob- 
lem is to increase the range above X,u without 
sacrificing “too much” warhead volume. The 
equation for the curve shown would be : 

X - X„ 4 Vol , u _ . nr 
X., 4 " Vol 

replacing the fractions by symbols: 



Z- 1 1 . l ~ R 

Z R 1 “ R 

where 

N 

II 

_ * 

* 1 

• 

K 

and 

Vol 

K ~Vol. u 


This equation might fit the curve well only over 
the range Y 2 < R — 1, but it will turn out that in 
this example we are not interested in solutions out- 
side of this range. 

Suppose that an examination of the user’s 
preferences has established the two utility curves 
shown below • 



This curve shows that the utility of the warhead 
declines at first slowly with decreasing volume, 
then precipitously, and that volumes less than 0.3 
the standard volume are worthless, i.e., V K — 0. 

The following curve shows that any range lying 
between the standard range and twice standard 
range is of interest, and that the rate of increase 


of range usefulness approaches zero as the range 
approaches the upper limit. 



Since we know the relation between Z and R, 
we can express U x in terms of R, 

*-*-G 

On the assumption that the utility of the compro- 
mise solution is proportional to the product of the 
utilities of range and warhead volume, we have 



There is no interest below R = 0.5 and the best 
compromise lies at R = 0.64, where U = 0.60, and 
X = 1.55 X, tt . The solution may be reached by 
either graphical or analytical methods. Note that 
the resultant utility of the standard projectile is 
zero by this criterion. 

2 — 2.2 Utility of Standard Projectile Assumed 
Equal to Unity for Standard Range 

If it should be thought more realistic to give 
the standard projectile a resultant utility of one, 
then we might decide to add utilities to find the 
resultant. In this case 
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and the best compromise lies at R = 0.60, where 
U = 1.58, and X — 1.67 X„ d . The resultant utility 
of the standard projectile being 1.0 by this cri- 
terion, we have an estimate of the increase in use- 
fulness gained by going to the rocket-assisted pro- 
jectile, viz., 58%. 

2 — 2.3 Comparison of Results for Utility Equal to 
Zero and Utility Equal to Unity 

In our examples it does not make much dif- 
ference which criterion we use, however, this will 
not always be the case. In general, it can be said 
that the use of the additive criterion places the 
optimum at the point where the sum of the slopes 
of the utility curves is zero. In the multiplicative 
method each slope is multiplied by the product of 
the other utilities before being summed to zero. 
After locating the area of optimum solutions, the 
final solution will be pinpointed only by con- 
siderations of accuracy, time-of-flight, and logistics. 


2—3. TABULATION OF POSSIBLE TRADE- 
OFFS 

Design changes which increase accuracy some- 
times decrease range; range and accuracy might 
both be improved by increasing the cost of manu- 
facturing the round. The trade-off method out- 
lined above can be useful in these and similar situa- 
tions. 

Many different trade-off situations are men- 
tioned in the discussions in this handbook. For ex- 
ample : 

a. Computing time for accuracy of simulation 
in trajectory calculations. 

b. Warhead volume for short time-of-flight by 
use of a subcaliber projectile. 

c. Range or time-of-flight for accuracy where 
improved stability may be obtained by em- 
ploying a high drag configuration. 

d. Warhead volume for range or time-of-flight 
by boattailing, or by lengthening the ogive. 
Unfortunately, increasing range usually di- 
minishes the usefulness of even an undimin- 
ished warhead by increasing the dispersion 
(in meters) at the target. 

e. Drag for manufacturing cost in the choice of 
fin profile. 

f. Range or time-of-flight for reduced storage 
and handling space in the case of a spike- 
nosed round. 

g. Simplicity for warhead volume by using fold- 
ing fins. 
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CHAPTER 3 

AERODYNAMIC COEFFICIENTS 


3—1. GENERAL 

A large part of this handbook is concerned with 
the interactions between a projectile and the air 
through which it flies. Frequent use is made of the 
fact that many aspects of this interaction are in- 
dependent of which of the two, projectile or air, is 
actually moving ; their relative velocity is the 
significant quantity. The basic characteristics of 
the flow of a fluid, such as air, around a body are 
described in Foundations of Aerodynamics by 
Kuethe and Schetzer, and in Physical Principles 
of Mechanics and Acoustics by Pohl, which pre- 
sent many interesting drawings and photographs 
of the flow of fluids, using dye or reflecting parti- 
cles to make the motion visible. The Bibliography 
at the end of this handbook lists these and other 
books on aerodynamic theory. 

3—2. BODY AERODYNAMICS 

A projectile flying through the air creates 
vortexes, turbulence and, if its speed is sufficiently 
great, shock waves in the air. Both the air and the 
projectile are heated. The energy content of these 
motions is supplied by the kinetic energy of the 
projectile, and this transfer of energy implies a 
force, or force system, between the air and the 
projectile. This force system may be analyzed into 
components which produce changes in the linear 
and angular velocities associated with each of the 
three orthogonal axes which may be chosen as a 
coordinate system for the description of the motion 
of the projectile. 

3 — -2.1 Coordinate System 

The coordinate system employed in this hand- 
book. Figure 3-1, for describing the forces and 


moments acting on a projectile has its origin at the 
center of gravity (c.g.) of the projectile, its X-axis 
pointing in the direction of the tangent to the 
trajectory (note that this direction changes as the 
projectile moves along the trajectory) and its Y- 
and Z-axes in a plane normal to the X-axis. The 
Y-axis is horizontal ; the Z-axis is normal to the 
other two. 



Figure 3 — I. Coordinate System 

Many different coordinate systems are employed 
by writers on projectile aerodynamics, the choice 
of a system being influenced by ease of develop- 
ment of the mathematics involved. However, nearly 
all of these systems agree in having the origin at 
the center of gravity of the projectile since the 
motion of a body can always be resolved into 
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translation of, and rotation about, its center of 
gravity. 

3—2.2 Yaw 

The aerodynamic' forces are functions of the 
attitude of the projectile with respect to the di- 
rection of motion of the e.g. relative to the sur- 
rounding air. If there is no wind, this direction of 
relative motion is along the tangent to the tra- 
jectory. (Since wind velocities are small compared 
with projectile velocities, wind effects are usually 
introduced as corrections.) Yaw is defined as the 
angle between the tangent to the trajectory and 
the direction of the longitudinal axis of the pro- 
jectile. This angle varies continuously throughout 
the flight, rapidly at first, but, in a well behaved 
projectile, less rapidly as time goes on ; spin- 
stabilized projectiles should quiet down to a nearly 
constant yaw, called the yaw of repose, while 
the yaw of fin-stabilized projectiles should damp 
to very small values. In mathematical analyses, the 
position of the projectile axis is usually projected 
onto the Y, Z-plane, giving a horizontal and a 
“vertical” component of yaw. These components 
are related to the yaw by the cosine and sine of the 
yaw orientation angle, and are usually handled 
mathematically by the use of complex numbers. 

3 — 2.3 Center of Pressure 

The aerodynamic forces on a projectile are de- 
termined by the pressure distribution which exists 
over the whole exterior surface, but in order to 
simplify the measurement and mathematical ma- 
nipulation of these forces, we deal only with a 
specified set of the resultants of the distributed 
forces. These resultants have a magnitude and 
direction, and also a point of application on the 
body, i.e., a point through which the resultant acts. 
This point, called the center of pressure (c.p.) of 
the force in question, is assumed to lie in the longi- 
tudinal axis of the projectile, but its position on 
that axis depends on the shape of the projectile, its 
air-speed (Mach number), axial spin rate, and, 
unfortunately, sometimes on the magnitude of the 
yaw. 

In this handbook, the center of pressure of the 
lift forces is assumed to be independent of yaw 
angle; this is made possible by considering only 


“linear” projectile behavior in which the yaw 
seldom exceeds 10°. One purpose of good design is 
to keep the yaw well below this figure; not greater 
than f>°. However, the center of pressure of the 
magnus forces can move an appreciable distance 
when the yaw angle changes as much as 10°, and 
some attempt to describe the effects of this c.p. 
movement will be made. 

3—3. AERODYNAMICS FORCES AND 
MOMENTS 

3 — 3.1 General 

The (resultant) forces and moments which are 
significant for projectile design are : 

a. Normal force 

b. Lift 

e. Drag 

d. Magnus force 

e. Static moment 

f. Damping moment 

g. Magnus moment 

h. Roll damping moment 

3 — 3.2 Lift and Drag 

The resultant of the pressure forces on a sym- 
metrical nonspinning projectile lies in the plane 
containing the tangent to the trajectory and the 
longitudinal axis of the projectile, called the “yaw 
plane”; the point on the projectile axis through 
which this resultant passes is called the center of 
pressure of thp lift or normal force, since the re- 
sultant may be resolved either into lift and drag 
components, or into normal force and axial drag. 
Lift is parallel to the Y, Z-plane, drag is parallel 
to the X-axis; normal force is perpendicular to, 
and axial drag is in line with, the axis of the 
projectile. Each possible pair of components lies, 
of course, in the yaw plane. 

3 — 3.3. Magnus Force 

When a projectile is spinning about its longi- 
tudinal axis, the pressure distribution over its sur- 
face is altered so that the resultant force no longer 
lies in the plane of yaw. The aerodynamicist takes 
care of this situation by introducing a force com- 
ponent normal to the yaw plane, together with its 
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associated moment. This force, called the ‘ * magnus 
force”, is also perpendicular to the longitudinal 
axis of the projectile, and passes through its own 
center of pressure. Vector subtraction of the 
magnus force from the total force on the projectile 
leaves a force in the yaw plane, which can be re- 
solved into lift and drag. 

3 — 3.4 Static Moment 

The static moment is the product of the normal 
force and the distance between its c.p. and the c.g. 
of the projectile, which is considered positive when 
the e.p. is forward of the c.g. as it practically al- 
ways is for spin-stabilized projectiles. The axis of 
this moment is a transverse axis through the c.g., 
normal to the yaw plane. Fin-stabilized projectiles 
have the c.p. aft of the c.g., so that the static 
moment opposes an increase in yaw (in normal 
flight), and can be called a ‘‘restoring moment”. 

3 — 3.5 Damping Moment 

When the yaw of the projectile is changing, 
the swinging of the projectile about its c.g. changes 
the pressure distribution so as to produce a couple 
about an axis through the c.g. normal to the plane 
of the yawing velocity (which is not necessarily the 
plane of yaw). This couple, called the ‘‘damping 
moment”, usually opposes the yawing velocity. 

3 — 3.6 Magpus Moment 

The magnus force produces a moment about an 
axis through the c.g. parallel to the normal force. 
This magnus moment changes the yawing velocity 
in a way which depends on the location of the center 
of pressure of the magnus force, and on its direc- 
tion. The magnus force and moment are a result of 
spinning the projectile, and are absent on a non- 
rotating projectile ; however, even fin-stabilized 
projectiles may have spin. 

3 — 3.7 Roll Damping Moment 

The roll damping moment is a couple about the 
longitudinal axis of the ectile; this moment 
on a spinning body is r 1 to the friction be- 


tween projectile and air. Fins produce large roll 
damping moments owing to the angle of attack 
induced by spin. 

3 — 4. FORCE AND MOMENT COEFFICIENTS 

It has been found that the aerodynamic forces 
and the static moment are proportional to the 
dimensions of the projectile, to the dynamic pres- 
sure of the air, and to the yaw of the projectile. 
The three moments arising from rotations are also 
proportional to their appropriate angular veloci- 
ties. The factors of proportionality are known as 
‘‘aerodynamic coefficients”. They are not constant 
for a given projectile, but are themselves functions 
of Mach number, Reynolds number, spin rate, and 
yaw. A brief discussion of the force and moment 
coefficients follows. For a more complete discus- 
sion of the aerodynamic forces and moments Bee 
Murphy, The Free Flight Motion of Symmetric 
Missiles, Ref. 12a. 

3 — 4.1 Aerodynamic Force Coefficients 

The most significant of the aerodynamic force 
coefficients are defined as follows ; where 

q = y 2 P v* 

is the dynamic pressure, S = ^ d 2 is the frontal 
area of the projectile, and a is the yaw in radians : 

p = air density, slug/ft® 

V = speed of projectile rel- 
ative to air, ft/sec 
p — roll rate, rad/sec 
d = maximum body diam- 
eter of projectile, ft 
N — normal force, lb 
L = lift, lb 
D = drag, lb 
Nf, = magnus force 

All of these coefficients are expected to be func- 
tions of the yaw angle, a. For small angles (at < 
0.17 radian), all, except C D , can be assumed to vary 
linearly with yaw ; this leads to the use of the slope 
of the curve of coefficient versus yaw angle as a 
more convenient description of the characteristics 
of the projectile. Using the subscript a, to denote 
a derivative with repect to «, we can write : 


c 

Cn ~ qS 


° L ~ qS 
D 


C D = 


qS 


Cm, 


qS 


( pd\ 

\v) 
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N - ^ qSa = C Na qSa 

L — j — - ?Sot ~ Ci qSa 
da 

Drag varies with the square of the yaw, so we 
write 

D = (Cd 0 + Cdj <*’) qS 

where Co, is the drag coefficient at zero yaw and 
C„j, is the rate of change of C D with a 2 . 

3 — 4.2 Moment Coefficients and Moments 

The moments produced by the aerodynamic 
forces are referred to the center of gravity of the 
projectile, unless otherwise stated. The moment 
coefficients, in the terminology of this handbook, 
are derivatives with respect to yaw, or with respect 
to appropriate angular velocities. 


ity about that axis, is zero; i.e., the total angular 
velocity about the horizontal a^is is q + a. q arises 
from the curvature of the trajectory. Therefore, in 
coefficient form 

M. - i >V< Sd [c„.« + 

+ C «~ (£) «] 

The first term of the expansion is the static moment, 
the next two are the damping moments, and the 
last term is the magnus moment. (Note the each 
term inside the brackets must be multiplied by 
V 2 P V 2 Sd 

to obtain the moment.) 

3 — 4.2.3 M z , Moment About Vertical Axis 

M t , the aerodynamic moment about the “verti- 
cal” axis through the c.g., is obtained by a similar 
expansion, interchanging or and (J, substituting (3 
for a, and r for q, where r -f- {5 is the angular ve- 
locity about the z-axis. 


3 — 4.2.1 Moment Coefficients 

These coefficients are defined as follows: 


E — Cu — static moment coefficient 

da 


1 

\p V'Sd 



damping moment coefficient 

dC 

■ — —Ejt = Cm — magnus moment coefficient 

da 


3 — 4.2.4 M x , Moment About Longitudinal Axis 

The aerodynamic moment about the longitudinal 
axis of the projectile is, in the absence of a spin- 
inducing torque such as might be provided by 
canted fins, simply 

M, = C lf qSdffl 

and C tp is called the roll damping moment co- 
efficient. The dimensionless ratio pd/V which ap- 
pears above is often designated by », the spin in 
radians per caliber. 


3 — 4.2.2 M y , Moment About Horizontal Axis 

The total moment about a horizontal axis 
through the e.g. is given by 


.. dC i# cr , 9 M t 
M, = -j-= qSDa + ^ 

da d(- 


dCu 


i M v /qd\ 

f) W 


da 


* (p) QSde 




where q in the second term is the angular velocity 
about the horizontal axis when a, the yawing veloc- 


*8inee the magnus force in the Z direction is proportional 
to the yaw in the F direction. See paragraph 3 — 4.3. 


3 — 4.2.5 Relationship Between Ballistic and 
Aerodynamic Systems of Coefficients 

The earlier work in this area uses a system of 
coefficients within which p V 2 takes the place of the 
dynamic pressure, and < P takes the place of the 
frontal area. This system is, of course, dimension- 
ally correct. It was the system used in AMCP 706- 
246, Engineering Design Handbook, Ammunition 
Series, Section 3, Design for Control of Flight 
Characteristics, and is discarded here in the in- 
terest of unifying the notation of aerodynamicists 
and ballisticians, since the latter are forced to use 
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a large amount of wind tunnel data obtained b.v 
aermlynamieiata. 

The ballistic notation will be around for a lonir 
time, ho it is necessary to know that, coefficients 
in the ballistic system (which arc usually denoted 
by the capital letter K with a subscript) can be 
converted into the corresponding aerodynamic 
coefficient slopes (or directly into those coefficients 
which are not functions of yaw) by multiplying the 

o 

ballistic system coefficient by 8/x, e.g., Cn„ = ~^ N ■ 
For example, 

N = Cff « (\pV* l d 2 ) « = K N (pV* cP ) sin a 
When sin a — a, CV = § Ks by cancellation. 

X 

It should be noted that for Ct v , Cm q + Cm* , 
and Cm p,, the multiplier is _ (Some authors 
1 fi 

use - _ as a multiplier, since they use 2V as the 

X 

denominator of their spin terms, e.g., pd/2V in- 
stead of pd/V.) 

3 — 4.3 Complex Yaw 

In the foregoing discussion, for the sake of 
simplicity, the symbol a was used for yaw angle. 
In the notation of Ref. 12a, at is the component of 
the yaw angle in the ‘ ‘ vertical ’ ’ direction ; the com- 
ponent in the horizontal direction is {1, and the 
total yaw angle, t, is given by 

2 = 0 + t a 

where the orientation of the yaw is tan ' f. 

P 

The aerodynamic coefficient slopes, or “aero- 
dynamic derivatives”, can be defined in terms of a 
because of the rotational symmetry of a projectile ; 
their values can be derived from measurements 
made on a model which is given a yaw in one plane, 
identified as the a-plane. (See McShane, Kelley and 
Reno, Exterior Ballistics , Ref. 7.) 

3 — 4.4 Magnus Moment Sign Convention 

If the projectile is viewed from the front, 3 
is positive to the right and a is positive upward. 
A projectile with righthand spin (counter-clock- 
wise when looking from the front) experiences a 


maguutt force downward when $ in positive. If the 
center of presNurc of this magniiH force iH aft of the 
e.g. of the projectile, then the inugnuN moment in 
positive since it adds to I be Htatic moment produced 
by positive a and Cu o . In the study of the effect 

of e.g. position on the aerodynamic properties of the 
A-N spinner (Ref. 49), it will be seen that Cm,,,, 
increases as the e.g. moves forward. 

3—5. METHODS OF MEASURING THE 
COEFFICIENTS 

3 — 5.1 General 

In order to be able to predict the performance 
of a proposed design, a good bit must be known 
about the probable pattern of the air flow over the 
projectile in flight. This air flow is mathematically 
described by the aerodynamic coefficients, so these 
must be measured or estimated. Estimation, by 
methods referred to below, is adequate in the pre- 
liminary design stages ; however, if the coefficients 
are not well established before prototype rounds 
are manufactured, the designer runs a great risk 
of a totally unacceptable performance when the 
first test firings are made. Furthermore, the process 
of maximizing one desirable characteristic, such 
as lethality, which involves reducing other per- 
formance characteristics, such as stability, to their 
minimum acceptable values can not be intelligently 
carried out if the principal aerodynamic coefficients 
are not known to a close approximation. 

3 — 5.2 Methods of Measurement 

Two methods are in common use for the measure- 
ment of coefficients, both of which yield values 
which are adequate to permit confident design 
compromises. That is, they yield not only sufficient- 
ly accurate values of the coefficients of the design 
being tested, but also good estimates of the changes 
in those coefficients which would result from small 
changes in the design. The two methods are : 

a. Ballistic range testing 

b. Wind tunnel testing 

The method chosen in a particular case may 
depend on the technical considerations listed be- 
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low; if not, it depends on factors of time and cost. 
Major considerations are the availability of the 
range or the tunnel, and the speed with which the 
necessary data reduction can be performed at the 
available facility because costs are usually not 
widely different. 

Estimated accuracy of aerodynamic coefficients 
obtained by ballistic range and wind tunnel tests 
is shown in Table 3 — 1. 

3 — 5.3 Factors to be Considered in Selection of 
Method 

The conditions and objectives of the test should 
be thoroughly discussed with personnel of the 
facility chosen before any work is started on test 
models or prototypes. However, to assist the de- 
signer in the preliminary discussion, significant 
differences between the two methods of testing are 
described below. 

3 — 5.3.1 Free Flight (Ballistic Range) 

a. Good control of Mach number, velocity, 
temperature, and pressures. 

b. Little control of model attitude. 

c. Model must be statically or gyroscopically 
stable. 

d. No strut to interfere with base flow. 

e. One test covers a range of Mach numbers. 

f. Data obtained from shadowgraphs, photo- 
graphs, and yaw cards, with the possibility of 
telemetering some data. 

g. Data reduction is complicated. 

h. Models usually full scale. 

i. Reynolds number can be varied by varying 
model size. 

3 — 5.3.2 Wind Tunnel 

a. Excellent control of Mach number, velocity, 
temperature, and pressures. 

b. Excellent control of model attitude. 

c. Can obtain data on both stable and unstable 
configurations. 

d. Model support may interfere with base flow. 

e. Only one Mach number per test. 

f. Data obtained from force and moment bal- 
ances, pressure taps, schlieren photographs or 
shadowgraphs. 


g. Data reduction is simple. 

h. Models usually reduced in size. 

i. Reynolds number can be varied by varying 
tunnel pressure (it may not be possible to test 
at free-flight Reynolds number). 

3 — 5.4 Data Resulting from Ballistic Range Tests 

For a test of this type a projectile is manu- 
factured in accordance with the preliminary design 
drawings; if length or diameter is too great, a 
geometrically scaled model with a proper mass 
distribution may be made. The projectile is fired 
along a nearly flat trajectory in a suitably instru- 
mented building. For a description of such a range, 
its instrumentation and method of operation, see 
Ballistic Research Laboratories Report 1044 (Ref. 
19). (The U.S. Army Ballistic Research Labora- 
tories at Aberdeen Proving Ground, Maryland, will 
be hereinafter referred to by the initials BRL.) 
The designer should be familiar with the capabili- 
ties of BRL, as this installation can be of major 
assistance to him in any design problem. 

As the projectile flies along the instrumented 
range, a number of parameters of its motion are 
very carefully measured at successive stations along 
the range. They are 

a. Velocity 

b. Roll rate 

c. Yaw angle 

d. Yaw orientation 

e. Swerving motion 

From the position versus time (velocity) data, 
the deceleration of the projectile can be inferred. 
Knowing the mass and diameter of the projectile, 
and having observed the current values of baro- 
metric pressure, temperature, and humidity ; we are 
able to compute the drag and drag coefficient, Cj>. 
Repeat firings at the same velocity can give the 
variation of C D with yaw angle (squared), and sets 
of firings at different muzzle velocities will give 
the variation of Cd with Mach number. If the pro- 
jectile is rocket-assisted, test firings with rocket 
ignition will give net thrust. 

All of the coefficients listed above can be de- 
termined in a ballistic range, except that Cn q 
and are always determined as a sum. The 

yawing frequencies and the damping are deter- 
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TABLE 3—1 

ESTIMATED ACCURACY OF AERODYNAMIC COEFFICIENTS 
OBTAINED BY BALLISTIC RANGE AND WIND TUNNEL TESTS 


1 

Coefficient 

Estimated Maximum Error* in Percent 

Halliatic Range 

Wind Tunnel 

C D Drag 

± 0.5 

± 2. 

Ci a Lift 

± 5. 

± 1. 

Cm Static moment 

± 2. 

± 1. 

Cm g + Cm„ Damping moment 

±10. 

±10. 

Cm t<1 Magnus moment 

±15. 

±10. 

Ci p Roll damping moment 

± 1 . 

± 1 . 

c.p.-c.g. Separation 

± . 10 cal 

± 0. 10 cal 

Cn vo Magnus force 

±25 

±10 


•Maximum error equals 3 std. deviations 


mined early in the process of the reduction of the 
data, and indeed the dynamic stability of the 
projectile at various Mach numbers can be directly 
observed. Dynamic instability may be catastrophi- 
cally apparent; observation of the projectile in a 
free flight condition is. one of the major advantages 
of testing in a ballistic range. If it is desired to 
assess the effects of varying initial roll rate, this 
may be accomplished if suitable gun tubes are 
available. Usually, however, the designer does not 
have roll rate at his disposal because even if the 
projectile is not designed to fit an existing gun, 
rotating band strength or tube wear usually puts 
a limit on the allowable spin rate. 

Coefficients of typical projectiles, determined in 
a ballistic range, with estimates of their accuracy, 
are given in Table 3-2, and in the Aerodynamic 
Data Sheets, Appendixes VIII-A through VIII-Z. 
A list of the ballistic ranges in North America 
which are usually used for projectile testing ap- 
pears in Table 3-3. 

3 — 5.5 Data Resulting from Wind Tunnel Tests 

A test of this type is usually made on scaled 
models having the exterior configuration of the 


projectile’s preliminary design. The interior of the 
model is hollow and contains suitable provisions for 
mounting the model on a sting or strut which in 
turn is supported by a structure attached to a 
stationary portion of the wind tunnel. If the 
model is to spin, the internal provisions include 
bearings and often a drive motor. Internal strain 
gage balances are generally used to measure the 
aerodynamic forces and moments. 

All of the aerodynamic coefficients previously 
discussed can be determined in wind tunnel tests. 
C M and C M ± can be determined separately if 
desired. Very accurate determinations can be made 
if the need for such accuracy justifies the cost. 

Coefficients of a typical projectile, determined 
in a tunnel, with estimates of their accuracy, are 
given in Appendix VIII-Y. 


3 — 5.6 Test Facilities 

A partial list of ballistic ranges and wind tun- 
nels in North America which are suitable for artil- 
lery projectile model testing appears in Table 3-3 
and Table 3-4, respectively. 
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TABLE 3—2 

COEFFICIENTS OF TYPICAL PROJECTILES MEASURED IN FREE 
FLIGHT AND ESTIMATED 


U— 4-.1 — - 

(-« 5.1-2. 

i. 

U 7-0 U 

.<£&!•” IE 

hr i — — _ 



0.5^ 

k \~-Z.9S - 


h°i 


Identification: 

105-mm Ml 

Cone-Cylinder 

7-Cal A-N Spinner 

Cd 0 (peak value) 

0.40± .01 

0.41±0.01 

0.46± .01 

Constants la 

1.64 

1.52 

1.50 

in Q function < b 

0.22 

0.20 

0.25 

(See par. 4-7.7. 1) (c 

2.70 

2.50 

2.60 

Range of validity 

1.1^M^2.5 

1.2^M^3.2 

1.1^3f^2.6 

C 0< * (avg) 

6.0 

7.0 

8.0 

Coefficients at M — 1 .8: determined by free flight measurements 



C "a 

2.3±0.2 

2.6±0. 1 

2.65±0. 15 

c.p. (cal. from base) 

3.45±0.2 

2.7±0.1 

5.4±0. 1 

c.g. (cal. from base) 

1.75 

1.65 

2.95 

c„ u 

3.9±0. 1 

2.75±0.05 

6.2±0.05 

Cit q + Cm„ 

-7 + 1 

-9 

— 26±0.5 

C "p« 

0.03±0.05 

0.25 

0.40± .08 




—0. 19± .001 

Coefficients at M = 1.8: estimated by Simmons-Wood methods 



C »a 

2.40 

2.80 

2.80 

c.p. (cal. from base) 

3.10 

2.60 

4.90 

C *m 

3.25 

2.65 

5.40 


3—6. METHODS OF ESTIMATING THE 
COEFFICIENTS 

Since it is wasteful to construct a projectile or 
projectile model for range or wind tunnel test 
which has no chance of success, and which may even 


destroy walls or instrumentation of the ballistic 
range when fired, it is necessary to make prelimi- 
nary estimates of the principal aerodynamic co- 
efficients before testing. The methods of making 
such estimates are given in the list of reports. Table 


3-8 




AMCP 706-242 


TABLE 3—3 

PARTIAL LIST OF BALLISTIC TEST RANGES IN NORTH AMERICA 


Location 

Reference 

Comment 

Ballistic Research Laboratories 

Aberdeen Proving Ground 

Maryland 

Ref. 19 

BRL Report 1048, 

W. Braun 

Two ranges. 

Projectiles up to 8 
inches max. diameter 

Naval Ordnance Laboratory 

White Oak, Maryland 

NAVORD 4063 

Three ranges, two 
pressurized 

NASA Ames Research Center 

Moffett Field, California 

NACA Report 1222 

Several ranges 

Canadian Armament Research and 

Development Establishment 

Quebec City, Canada 

Canadian Aero- 
nautical Journal, 

May 1956 

Large range 


TABLE 3—4 

PARTIAL LIST OF WIND TUNNELS IN NORTH AMERICA* 


Location 

Equipment 

Mach Number Range 

Arnold Engineering 

Two transonic tunnels 

0.5-1. 6 

Development Center (AEDC) 

Three supersonic 

1.5-6 

Arnold Air Force Station, Tennessee 

Three hypersonic 

5-8, 10, 12 

Ballistic Research Laboratories 

Two supersonic tunnels 

1.28-5 

Aberdeen Proving Ground, Maryland 

One hypersonic 

6, 7.5, 9.2 

NASA Ames Research Center 

Three subsonic tunnels 

0 - 1.0 

Moffett Field, California 

Four transonic 

0-2.2 


Four supersonic 

0.65-6.15 


Seven hypersonic 

5-20, 25, 26 

NASA Langley Research Center 

Three subsonic tunnels 

0-0.6 

Langley Field, Virginia 

Eight transonic 

0-1.4 


Six supersonic 

1.25-7 


Sixteen hypersonic 

3-25 

NASA Lewis Research Center 

One subsonic tunnel 

0-0.45 

Cleveland 35, Ohio 

One transonic 

0.8-2. 1 


Seven supersonic 

1.3-5 


One hypersonic 

7 

Naval Ordnance Laboratory 

Four trisonic tunnels 

0.2-5 

White Oak, Maryland 

One hypersonic 

5-8, 10 


'This list is intended to include only facilities which do a large amount of projectile testing. Not all of the tunnels 
listed are used for projectile work. Some tunnels appear more than once in the list. More information about these and 
many other wind tunnels will be found in the NATIONAL WIND TUNNEL SUMMARY, 1961, prepared by the Aero- 
nautics and Astronautics Coordination Board, Department of Defense. 
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TABLE 3—5 

LIST OF REPORTS CONTAINING METHODS OF ESTIMATING 

COEFFICIENTS 


Quantity 

References 

Comment 

and 

Simmons (Ref. 20) 

Hitchcock (Ref. 81) 

Wood (Ref. 21) 

Kelly (Ref. 16) 

Not readily available 

Limited range of usefulness 

Based on Simmons; used in this handbook 
(See Appendix III-A) 

Cm, -f- Cm„ 

Hitchcock (Ref. 811 

Conventional spin-stabilized projectiles 
of length L 

Cm, + Cm- - 0.9 15 



(fairly good for 3 < L < 5) 


Dorrance (Ref. 15) 

a 

Reproduced in Murphy and Schmidt 
(Ref. 49) 

Cm 

Martin (Ref. 40) 

Kelly (Ref. 39) 

See also Ref. 49 


3-5. Sample calculations are shown in the Ap- 
pendixes. 

These methods are fundamentally based on an 
interpolation of data from very many wind tunnel 
and ballistic range tests of a wide variety of 
projectile shapes. Use is made of linear aero- 
dynamic theory in constructing formulas for per- 
forming the interpolations. While these formulas 
should of course not be used for shapes which lie 


outside of the range of the data on which they are 
based, it may be necessary to use them for unusual 
shapes when no other method of estimation is 
available. Such shapes should be tested in a wind 
tunnel ; most ballistic range operators would refu 
to fire them. 

Estimated coefficients of typical projectile 
shapes, for comparison with values obtained in 
ballistic range tests, are presented in Table 3-2. 
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CHAPTER 4 

TRAJECTORY CALCULATIONS 


4—1. GENERAL 

The purpose of a calculation of a trajectory, 
the curve in space traced by the center of gravity 
of the projectile, is usually the prediction of the ex- 
pected point of impact of the projectile, when fired 
at a given muzzle velocity and quadrant elevation, 
along with the prediction of associated quantities 
such as time of flight, angle of fall, and velocity at 
impact. Sometimes the range is stated, and the 
purpose of the calculation is to find the correspond- 
ing muzzle velocity and /or quadrant elevation ; the 
three collateral quantities are still of interest. Or 
the trajectory may be a ground-to-air type, as 
for an antiaircraft projectile, for which maximum 
altitude, time to reach a given altitude, and tra- 
jectory curvature are important results. 

4—2. DIFFERENTIAL COEFFICIENTS OR 
SENSITIVITY FACTORS 

One can, by varying the inputs to the trajectory 
calculation by small amounts, one at a time, com- 
pute the change in expected range, time of flight, or 
other quantity of interest, caused by a small change 
in each input parameter. The percent change in 
range (or other output quantity) produced by a 
1 % change in an input parameter is called by some 
writers a “ differential coefficient”, by others a 
‘‘sensitivity factor.” The factors are different for 
each design, as well as for different intervals of the 
values of the input parameters, which is why they, 
must be determined by small perturbations and the 
particular set of conditions for which they are 
valid must be stated. A sample set of sensitivity 
factors for a rocket-assisted projectile fired for 
maximum range is given in Table 9-1. 


4—3. DIGITAL COMPUTER PROGRAMS FOR 
TRAJECTORY CALCULATIONS 

Innumerable trajectory calculations have been 
made, and are still being made, for the production 
of firing tables. Up to the advent and general 
adoption of the high speed digital computer, these 
calculations were performed by approximate meth- 
ods which employed average or effective values of 
the drag coefficient. The various methods were 
named for their developers, the Gavre Commission, 
Siacci, and Mayevski among others. These methods 
are still useful for rapid estimations of the effects of 
variations in projectile shape, muzzle velocity and 
quadrant elevation on range and time of flight. The 
necessary charts and tables, with directions for 
their use, are given in AMCP 706-140 (Ref. 97). 
Digital computer programs fall into two classes, 
particle trajectories and six-degree-of-freedom tra- 
jectories; each is discussed below. 

4 — 3.1 Simple Particle Trajectory 

The relatively simple particle trajectory pro- 
gram assumes that the only forces on the pro- 
jectile are gravity, drag, and, if present, thrust. 
The horizontal and vertical accelerations due to 
these forces are computed at successive points in 
time, and the resulting horizontal and vertical 
components of the projectile’s velocity and position 
are computed for each time point. If the time in- 
terval is small enough, the simulation of the tra- 
jectory can be very good. With a time interval 
of 0.25 second, the time required to simulate a 
typical trajectory on an IBM 1620 computer was 
about ten times the time of flight of the projectile 
being simulated. This resulted in an accuracy of 
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simulation better than 1 %, assuming that the drag 
coefficient curve used averaged within 2% of the 
true C D at all Mach numbers traversed. If no com- 
putation of yaw is made, Cd„ , the axile drag co- 
efficient, is the coefficient used. Since projectile 
velocity and altitude are known at each time point, 
Mach number is always available for entering a 
stored table of Cn„ vs Mach number. 

The particle trajectory is very useful in com- 
puting trade-offs of range, time of flight, and 
lethality, particularly in ease of a rocket-assisted 
projectile. Extensions of the program to com- 
pute muzzle velocity under the limitations on 
muzzle energy and muzzle momentum, and then the 
maximum set-back acceleration, can further auto- 
mate the design process. 

4 — 3.2 Six-Degree-of-Freedom Particle Trajectory 

The six-degree-of-freedom system is seldom 
coded for anything smaller than the equivalent of 
an IBM 704. This program computes the position 
and velocity of the projectile relative to all three 
axes of the coordinate system(s) chosen, as well as 
the pertinent angles and angular velocities. All of 
the aerodynamic coefficients can be used (although 
many second order terms are usually left out), and 
the resulting simulation of the trajectory is com- 
plete, down to yaw angle, yaw orientation, and 
swerving motion. Aerodynamic jump is an auto- 
matic by-product of this system. Wind can be 
introduced as a variable. 

If roll rate, C tp and the variation of C Ua with 
Mach number were included in the particle tra- 
jectory program, then either program could con- 
tinuously check the gyroscopic stability of the 
projectile and calculate the yaw of repose. The six- 
degree-of-freedom system could also continuously 
check the dynamic stability of the projectile. 

4 — 3-3 Example of Simple Particle Trajectory 
Calculation (FORTRAN Program) 

The FORTRAN particle trajectory program 
presented below was written for an IBM 1620 com- 
puter with 20,000 units of memory. It will com- 
pute trajectories of conventional and single-stage 


rocket-assisted projectiles, either spin- or fin- 
stabilized, and single-stage rockets. The spin, yaw 
of repose, and gyroscopic stability computations do 
not allow for the presence of fin cant or nozzle 
cant. 

The limited memory available made it necessary 
to read the headings for the output (see Table 4-1 
for a sample output) from cards. Appendix IX 
describes the input cards forming the data deck ; 
the numbers on the input cards describe the pro- 
jectile and its launching environment. Heading 
cards are a part of the data deck and follow the 
numerical data, except that the first card of the 
data deck identifies the projectile being processed. 

An experienced programmer, or one having 
access to a computer having a larger memory, will 
be able to make many improvements in and ex- 
tensions to the program presented here. For ex- 
ample, this program interpolates linearly in find- 
ing Co 0 or C Ua from the tables provided by the 
data deck ; it may be difficulty to represent a given 
curve sufficiently well with only nine data points. 
Furthermore, while the computer will print out 
UNSTABLE when 8 g is less than unity, dynamic 
stability must be computed by hand. 

A typical output produced by the program 
given below is presented in Table 4-1. Projectile 
data are for the sample projectiles used to illustrate 
the methods of estimating gyroscopic stability 
(Appendixes I-VII). 

The form factor relating the drag of the sample 
projectile to that of the 5-inch/54 Navy projectile 
stored in the computer memory was estimated to be 
1.05 since the only significant difference in shape 
is the shorter ogive of the sample projectile. The 
form factor relating the static moment coefficient 
of the sample projectile to the Cn a table stored in 
memory was estimated to be 1.142, based on the 
Wood-Simmons estimate at M — 1.72. 

The last line of the computer output gives the 
time of flight in seconds, the range in meters, the 
velocity at impact, angle of fall, and the spin and 
gyroscopic stability factor at impact. The target is 
at the same elevation as the gun (sea level) in 
this example, but any desired target elevation can 
be fed with the data. 
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The fundamental equations underying the com- 
puter program presented below are : 


. „ /Thrust — Drag . A , 
^ = ( projectile Mass g8m / ^ 


A e-~ g . ^ m 


AX = (V cos 0) At 
AZ = (V’ sin 0) At 

Averaging techniques are used to improve the ac- 
curacy of the simulation. 


4—5. METHOD OF CALCULATING 
DIRECTION OF TANGENT TO 
TRAJECTORY 

It may be of interest to discuss the equation used 
in the computer program for the calculation of the 
direction of the tangent to the trajectory at the 
end of each time interval. In a particle trajectory, 
where lift and magnus force are neglected and 
drag is assumed to act in line with the velocity 
vector, the only force acting to change the direc- 
tion of motion is the weight of the projectile. 


4—4. DESK COMPUTER METHOD FQR 
TRAJECTORY CALCULATION 

Reference is made to Table 4-2 for the format 
of the desk computation. Note that the conditions, 
0 O and V 0 , appear in columns 2 and 5 in the first 
row. Starting with these initial conditions, we now 
proceed with the computation as follows : 

a. Compute the remaining entries in first row. 

b. Proceed to next row: locate Cj on the drag 
curve of the projectile ; calculate the drag, D, 
acceleration, D/m, where m is the projectile 
mass in slugs. 

e. Compute: 


(1) 

e. 

H 

1 

D cos 0 


dt 

m 

(2) 

dV, 

D sin 0 


dt 

m 


d. Multiply the above derivatives, dV x /dt and 
dV x /dt, by the currently chosen time interval. 
The results are AV X and AV t in the third row. 

e. Compute V x and 1% at the end of the time 
interval (they appear in the fourth row) 
and use average velocities over the first time 
interval to compute Ax and A z (third row) 
and the new x and z (fourth row). 

f. Compute the new V from V — \/ V x 2 -(- V 2 
determine 0 from 0 = tan V x /V x ; find cos 
0 and sin 0; and complete the fourth row, 
using p/ p t = exp [—3.2 x 10 -5 *] and V a = 
1116 — 0.004*. 

g. Continue as above for remaining entries to 
complete the table. 



Figure 4 — 1. Diagram of Gravity Force on Projectile 

The inertial force, or centrifugal force, arising from 
the curvature of the trajectory, is given by mV 2 /R, 
where m is the projectile mass and R is the local 
radius of curvature of the trajectory. This is 
balanced (Figure 4-1) by the component of the 
projectile weight in the direction of the radius of 
curvature, mg cos 0, so we can write 

mV* „ 

— ^ — = — mg cos 0 

But V /R is the time rate of change of the direction 
of the radius, and is therefore also the time rate of 
change of the direction of the trajectory tangent, 
since the tangent is always normal to the radius 
vector. Denoting the rate of change of direction 
by dS/dt, we have 

v d0 a 

mV = — mg cos © 

or, as it appears in the computer program, 

A0 = — g cos 0i At/V 
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TABLE 4—1 

TYPICAL OUTPUT OF FORTRAN SIMPLE PARTICLE TRAJECTORY 

PROGRAM 

5-INCH SAMPLE PROJECTILE (SEE APPENDIX I) 

FFD FFH TYPE R6A RGT D.FT 

1.050 1.142 5.540 .381 1.030 .4150 


WTO 

VO 

SPIS 

SBT 

DTM 

TWIST 

QE 


46.08 

1925. 

• 

.0 

.400 

28.00 

45.000 


WTB 

ZO 

TEMP 

DTL 

DTE 

CDD2 

CLP 


46.08 

• 

59. 

4.0 

.350 

6.00 

-.014 


.001189 

1116.0 







TIME 

X 

DIST 

V 

CD 

CMA DR 

MASS 


THETA 

Z 

THRUST 

DRAG 

YAW MACH SPIN SG 


.00 

• 

• 

1925.0 

.331 

3.59 

1.000 

1.43 

.78 

• 

• 

197.4 

.000 

1.72 

.224 

1.49 

.11 





’ 



2.56 

3210. 

4469. 

1578.0 

.362 

3.79 

.905 

1;43 

.75 

3109. 

• 

131.3 

.001 

1.42 

.261 

2.11 

.14 








5.85 

6682. 

9110; 

1265.9 

.398 

4.14 

.820 

1.43 

.69 

6188. 

• 

84.1 

.002 

1.16 

.311 

3.03 

.18 





• 



10. 38 

10713. 

14166. 

993.0 

.290 

4.91 

.744 

1.43 

.58 

9235. 

• 

34.3 

.004 

.92 

.379 

4. 20 

.29 

• 







17.72 

16400. 

20596; 

786.3 

.168 

4.32 

.676 

1.43 

.34 

12203. 

• 

11.3 

.010 

.73 

.456 

7.57 

.40 

* 




• 



25.72 

22088. 

26412. 

684.8 

.169 

4.21 

.654 

1.43 

.00 

13269. 

• 

8.3 

.016 

.64 

.502 

9.76 

.40 





- 

- 


26.12 

22361. 

26686; 

682.4 

.169 

4. 20 

.654 

1.43 

-.01 

13267. 

• 

8.2 

.016 

.64 

.503 

9.80 

.40 

- 







34.12 

27 631. 

32099. 

686.1 

.168 

4. 20 

.677 

1.43 

-.38 

12171. 

• 

8.6 

.014 

.64 

.481 

8.66 

.40 

- 





' 


42.12 

32522; 

37859. 

762.2 

.168 

4.28 

.745 

1.43 

-.69 

9173. 

• 

11.7 

.009 

.70 

.414 

5.73 

.40 

- 







50.12 

37001. 

44371. 

866,5 

.176 

4.42 

;866 

1.43 

-.91 

4464. 

• 

18.4 

.004 

.78 

.344 

3.29 

.40 








TIMERS 

RANGE. M 

V,FP$ 

THETA. D SPIN 

SG 



56.13 

12201. 

929. 

-59.5 

.303 

2.19 
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TABLE 4—2 

SAMPLE TRAJECTORY CALCULATED ON DESK COMPUTER 

5-INCH SAMPLE PROJECTILE (SEE TABLE 5—1 FOR SAME 
TRAJECTORY USING ELECTRONIC COMPUTER) 


t, 

sec 

e, 

deg 

cos 0 

sin 0 

v, 

fps 

V 

X 

V 

z 

X, 

ft 

ft 

p .' p . 

v a 

M 






dv */at 

dv vdt 



D/m 

D, lb 

s 






AV x 

AV 

z 

A x 

A z 





0.0 

3.00 

.9986 

.0523 

1925 

1922 

101 

0.0 

0.0 

1.0 

1116 

1.72 
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with result in Table 5-1 
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This relationship is also used in deriving the equa- 
tion for p/V which is presented in paragraph 
5-2.2.5. 

4—6. EFFECT OF PROJECTILE MASS ON 
TRAJECTORY 

Since C Do does not vary greatly with increasing 
length to diameter ratio, a long, and therefore heavy 
round will experience a lower drag deceleration 
than a lighter round of the same caliber and 
general shape. This is the reason for the use of 
subcaliber or “arrow” projectiles for antitank 
or antiaircraft fire, where a short time of flight 
to a given target is of great importance. The man- 
ner in which the mass of the round affects the 
velocity, time of flight, range, and terminal velocity 
is shown in the treatment which follows. 


4 — 6.1 Horizontal Trajectory 

In this case C D is assumed to be a constant, and 
the gravity curvature of the trajectory is assumed 
to be negligible. 



dF = dF d/ = _ D 1 _ _ C DP V'S 
dx di dx mV 2 mV 

a dV , . .. CppS , 

So tj- = din V ~ — — dx 

V 2m 

Integrating gives 

In V = - x + C (4-1) 

2m 


4 — 6.1.1 Velocity 

If we substitute the initial conditions, V = V c 
when X e — 0, into Equation 4-1 : 

C = In Vo 

and 


V 


V 0 exp 


[ 


C DpS 1 

2m x J 


(4-2) 


which shows the importance of a small C D and a 
large mass if a high velocity is to be maintained as 
X, the range, increases. Replacing the frontal area 
S by (x/4 )cP and m by W/g, we have 

V = Vo exp [ -- yfjfjr*] (4-3) 

The ratio W /d? is called “sectional density”, and 
in most of the older publications is written as 
m/d 2 , using m as a symbol for weight. 


4 — 6.1.2 Time of Flight 

The time of flight to a given range can be 
obtained by substituting dx/dt for V and re- 
arranging Equation 4-3 

Integrating 

2m rC D pS 1 , n 

T%c^s e ’‘ p L3r I J +c 

and substituting intial conditions, x = 0 at t — 0 



If T is the time of flight to a given range X, 
then 

a£ = L- JLexn r^zl =-L (t -X.) 
9m m mV o ^ L 2m J m \ Vf) 

(4-5) 

where V T = terminal velocity, or velocity at x = X. 

Since T — X/V„ g , and V avg > V T , the quantity in 
the parentheses of Equation 4-5 is negative and the 
time of flight to a given target decreases in pro- 
portion to the relative increase in the mass or 
weight of the projectile, A m/m, providing that 
Vo is independent of projectile weight. 

However, when designing a round to fit an 
existing gun, muzzle velocity depends in a very 
direct manner on projectile weight. If it is desired 
to make the mass of the projectile greater than the 


4-6 



AMCP 706-242 


mass, m,td , of the standard projectile fired from 
that gun, then 1' 0 will be less than the muzzle 
velocity, of the standard projectile. This is 

due to the necessity of keeping the muzzle momen- 
tum, ami therefore the load on the recoil system, 
at or below the capacity of the system, We can 
write 


i- 1 ltd * - 

1 , = for m 2 m,id 

m 

and substituting this in the Equation 4-4 for time 
of flight we get 


t = 


2m 2 j rCopS 1 
m, t dV, t dC D pS\ eX V\_2m X \ M 


, 07 1 2T X 

and l— = tt- 

3 m m rnv T 


= /_2 

7H \ Vg vg 



Since the average velocity is usually not much dif- 
ferent from the terminal velocity for the flat 
trajectories of interest to the designer (and indeed 
cannot be if the assumption of constant Op is to be 
be valid), we can conclude that increasing the 
projectile weight in a momentum limited situation 
will usually increase the time of flight. If the 
projectile mass is less than m, M , then V 0 is limited 
by chamber pressure (a constant energy constraint, 
mV a 0 — m„iV 2 „d) and 9T/9 m = 1/m (3T/2 — 
X/V T ). Here there is more likelihood of decreased 
time of flight. 


4 — 6,1.3 Terminal Velocity 

Increased projectile weight can, however, im- 
prove the terminal velocity. If we substitute V 0 = 
m,td V , ti in the velocity equation, 4-2, 
m 

we get 

^ ltd f ltd r C DP S ~| 

1 exp L— sr 1 ] 

and 

3V r _ Tfhtd I nd (C D pS y -\ r CdpS 

am ~ V exp L~^r- z J 


So V 

terminal decreases with increased projectile 
weight for ranges which are shorter than 2m/ 
(OppS), and increases for longer ranges. For a 
typical 20-mm projectile weighing 0.22 lb, CppS 
might be 0.4 X .002378 x r/4 {().()««) ■* — 4.1 
x 10 (l and tin* range beyond which increaaed 
projectile weight will give increased terminal ve- 
locitv will be about 1000 meters. At this range 
V/V 0 will be e“ J , which makes the assumption of 
constant C D questionable. The accuracy of the 
estimate of the cross-over range could be improved 
by performing the calculation in steps. Since pro- 
jectile weight generally increases faster than 
frontal area with increasing diameter (m — kd 3 , 
approximately), the cross-over range generally in- 
creases with projectile caliber; for a 105-mm pro- 
jectile weighing 32 lbs, 2 m/{C D p S) would be about 
7000 meters on the assumption of a constant C D of 
0.40. 

4 — 6.2 Curved Trajectory, Antiaircraft Fire 

The analysis of antiaircraft fire is complicated 
by the changing air density and the inability to 
neglect gravity and trajectory curvature; it will 
not be attempted here. 

4—7. EFFECT OF DRAG ON TRAJECTORY 
4 — 7.1 General 

The drag of a projectile has a direct effect on 
its range, time of flight, and wind sensitivity; and 
less directly affects both static and dynamic sta- 
bility. In order to obtain long range, short time 
of flight, and minimum lateral deflection due to side 
winds ; the drag, of the projectile should be as small 
as possible. Sometimes stability considerations will 
lead to the acceptance of a high zero-yaw drag. A 
reduction in yaw, obtained by improving stability 
decreases the yaw drag and may improve accuracy 
by decreasing aerodynamic jump. 

The material on drag which follows is confined 
to the drag of a projectile flying in line with the 
tangent to the trajectory of its e.g., i.e., at zero yaw. 
The drag coefficient at zero yaw, C Dt , can in this 
situation be called the axial drag coefficient. The 
increase in drag with yaw, and its coefficient, C 0 ^. 

will be discussed in paragraph 4-7.9. For a well 
behaved projectile the initial yaw damps rapidly to 
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a small value, so that by far the greater component 
of C D is C Dt . The minimization of C Do is, there- 
fore, of primary importance in nearly all cases. 

The designer must seek a projectile shape which 
will have a small axial drag coefficient, C D and 
yet have sufficient internal volume to carry the re- 
quired lethal charge. He must also avoid, as far as 
possible, surface irregularities such as slots, de- 
pressions or protrusions. The effect of general 
surface roughness varies with the velocity regime 
of the projectile; this will be discussed later. 

4 — 7.2 Axial Drag 

The axial drag at zero yaw may be divided into 
three components; wave drag, friction drag, and 
base drag. The relative importance of the various 
components depends strikingly on the Mach num- 
ber regime. For example, wave drag is absent in 
subsonic flight. For this reason the designer will 
choose different shapes for rounds which fly pre- 
dominantly in different regimes; however, many 
artillery projectiles fly in all three regimes and a 
trajectory calculation of some sort must be made 
if the optimum drag shape is to be found. 

Wind tunnel testing with pressure surveys will 
provide a division of Co, into its components; 
ballistic range testing gives only the overall value. 
The designer is urged to refer to Hoerner, Fluid- 
Dynamic Drag (Ref. 27) in all matters relating to 
drag. 

A — 7.3 Effect of Mach Number 

The simplest way to discuss drag is from the 
point of view of a person observing a projectile 
fixed in a wind tunnel, with air flowing around it. 
The airspeed of the projectile is then clearly the 
velocity of the tunnel air far enough upstream of 
the model not to be significantly altered by the 
presence of the model. The speed of sound, F„, in 
the tunnel air at the point at which the air velocity 
is measured then gives the Mach number, F/F„, 
at which the test is being conducted. At points in 
the neighborhood of the model the air velocity is 
altered in magnitude and direction but the speed 
of sound is assumed to be unchanged, so that the 
local Mach number varies from point to point over 


the surface of the model in a way which depends 
on its shape. 

4 — 7.3.1 Subsonic Region, 0 < M < 0.8 ± 

The aerodynamic coefficients of a conventional 
projectile arc fairly constant when the projectile is 
flying (or being tested in a wind tunnel) at Mach 
numbers less than some critical number, which is 
usually in the vicinity of 0.8. This is the model or 
"free stream" Mach number at which the flow 
over some part of the model reaches M— 1.0. 

A — 7.3.2 Transonic Region, .08 ± < M < 1.1 ± 

At a free stream Mach number slightly above 
the critical value, the coefficients such as Cxr or 
( r i) c begin to increase rapidly and the projectile is 
said to have passed from the subsonic to the 
transonic regime. 

A — 7.3.3 Supersonic Region, 1 ± < M < 5 

At some free stream Mach number greater than 
1.0 the wave system characteristic of compressive 
flow is fully established, and the projectile is said 
to be in the supersonic regime. 

4 — 7.3.4 Hypersonic Region, M > 5 

Above M = 5 the flight is termed hypersonic. 
This regime will not be discussed as very few con- 
ventional artillery projectiles fly at such high 
speeds. 

4 — 7.4 Effect of Reynolds Number on Drag 
Coefficient 

Drag coefficients are also influenced by Reynolds 
number; geometrically similar projectiles of dif- 
ferent calibers will have slightly different C Dp vs 
Mach number curves. 

4 — 7.5 Subsonic Drag 

In the subsonic range (0<M<0.8±) we 
would like to have a rounded, but not necessarily 
pointed, nose and as small a base diameter as can 
be provided in view of the many considerations 
which affect projectile shape, such as required in- 
ternal volume, wall strength, propulsive method. 
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type of stabilization, fuzing, etc. The effect of pro- 
jectile shape is discussed below. 

4 — 7.5.1 Surface Roughness and Irregularities 

Surface roughness corresponding to ordinary 
industrial practice will have little effect on the drag 
coefficient. Surface irregularities, such as slots, 
shallow holes, and protuberances may increase the 
drag very greatly, depending on their location and 
orientation. Fuzes are often poorly designed in 
this respect and consideration may be given to 
covering them by a windshield. 

A — 7.5.2 Blunt Nose 

Blunting the nose of a projectile will, in the 
subsonic regime, have little effect on overall drag. 
The important effect of blunting (short of a com- 
pletely flat face) is to lower the critical Mach num- 
ber. Small flat faces, such as appear at the nose in 
many point-detonating fuzes, have little effect on 
drag. The integral of the dynamic pressure forces 
over a properly shaped head will be close to zero, 
and the forebody drag will accordingly be close to 
zero. The base drag is thus the result of a pressure 
deficiency over the base of the projectile ; the 
existence of this sub-static (less than atmospheric) 
pressure is evident in everyday life in the wake of 
trains and automobiles. 

4 — 7.5.3 Boattailing 

Reducing the diameter of the base below that 
of the cylindrical body, called "boattailing”, is a 
very effective way of reducing base drag in the 
subsonic regime. Boattailing also reduces the lift 
coefficient and changes the position of the center of 
pressure of the normal force, moving it forward. 
This reduces the stability of the projectile, placing 
another limit on the amount of boattailing that can 
be tolerated. 

The extent to which this can be done on a spin- 
stabilized projectile is limited by the necessity of 
applying a rotating band, which must be supported 
by a relatively thick wall, and by the fact that the 
projectile walls aft of the rotating band are ordi- 
narily exposed to the full chamber pressure so that 
they must also be thick. These considerations limit 
the length of the boattail and may 'also limit the 
amount of reduction in base area. Use of a hollow 


boattail avoids these limitations, but sacrifices in- 
ternal volume. 

Use of a large boattail angle (greater than about 
16°), without a rounded transition from the 
cylindrical body, can cause the air flow to separate 
at the junction, cancelling all of the drag reduction. 

A — 7.5.4 Fin-Stabilized Projectiles 

The zero-yaw drag of fins is, of course, related 
to their shape and size, but these are dictated 
primarily by stability considerations. While it is 
true that some fin profiles have less drag than a 
simple flat plate, the extra cost of manufacturing 
the double wedge or streamline profile fins must be 
weighed. 

A — 7.6 Transonic Drag 

4 — 7.6.1 Spin-Stabilized Projectile 

The transition from the subsonic to the super- 
sonic drag regimes is clearly illustrated, for a typi- 
cal low-drag spin stabilized projectile, in E. D. 
Boyer, Aerodynamic Properties of the 90-mm HE 
M71 Shell (Ref. 79). The ogive of this projectile ex- 
tends over about half its length, the boattail is 
half a caliber long and the boattail angle is 7°. 
Its subsonic C Do is 0.15, even though the rotating 
band area has four circumferential slots. 

Shadowgraphs at M = 0.88, M = 0.97, and 
M — 1.05 show the initiation of the shock waves 
at the points of abrupt change in diameter and 
their growth to fully developed waves. (\ 0 rises 
from 0.15 to 0.39 in this Mach number interval, 
as can be seen from the drag curve in Appendix 
VI1I-E. No shock wave appears over the nose of 
the projectile before photograph at M — 1.05, 
when a separated bow wave is present. So we can 
say that for this projectile the transonic regime 
covers the Mach number range from approximately 
0.88 to 1.05. Note this is only one example; the 
numbers would be different for a different pro- 
jectile. The development of the shock waves on 
the body and fins of an. arrow projectile is shown 
by the shadowgraphs in BRL Report 934 (Ref. 
89). 

The greatest part of the increase in drag in the 
transonic regime can be attributed to the presence 
of the shock waves and is called “wave drag”. 
The base drag peaks at about M ~ 1.0 ; the friction 
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drag becomes relatively small as the total C t>0 in- 
creases. 

4—7 .6.2 Fin-Stabilized Projectile 

The drag of typical fin-stabilized projectiles in 
the transonic regime increases in about the same 
way as described above, as may be seen from the 
drag curves presented in Appendixes VIII-T 
through VIII-Z. The designer should obtain and 
study a number of shadowgraphs or schlieren 
photographs of projectiles of varying shapes in 
conjunction with their drag curves. 

4 — 7.7 Supersonic Drag 

A — 7.7.1 Decrease of C n with Mach Number 

u O 

After the shock wave system is fully developed, 
which usually occurs at a free stream Mach number 
between 1.1 and 1.2, we find that C Df decreases 
with increasing Mach number. 

In fact, we can use Q ■=■ V c -f- Gp, M 2 — a bid 
as an interpolation formula ; a typical set of values 
of the constants might be a = 1.6, b ~ 0.2, c = 2.7. 

4 — 7.72 Effect of Nose Shape on Cp o 

The size of C» # in the supersonic regime de- 
pends largely on the shape of the nose. By the 
Taylor-Maccoll formula (Ref. 30) we have 

Cd f = (.0016 +^) t ’ 7 

where C D f is the forebody pressure drag (wave 
and drag) component of C D(t , t is half of the cone 
angle, in degrees, and M is Mach number. 

While by this formula the lowest drag shape 
for the nose would be a eone, an ogival nose hav- 
ing a large ogival radius will have slightly lower 
drag (and also afford a greater warhead volume). 
E. R. Dickinson (Ref. 24) found from ballistic 
range firings at M = 2.44 that the minimum drag 
head shape of a caliber .50 projectile (d ~ 0.0417 
ft) was a secant ogive having a radius twice that 
of the tangent ogive of the same length and maxi- 
mum diameter (ratios between 1.7 and 2.5 were 
nearly as good). 

The presence of a small flat (or rounded) sur- 
face at the front of the nose, called the meplat, has 


only a small effect on C u§ , and indeed, if not too 
large, may reduce C„ t slightly below that for a 
pointed now* of the same length. 

4 — 7.7.3 Effect of Boattailing on Cj )o 

Hoattuiling reduces the drug of supersonic pro- 
jectiles as long as the airflow is able to follow the 
contour of the body. For each projectile shape 
there is a critical angle (generally about 8°) and 
a critical boattail length (about 1 caliber at the 
critical angle, longer for smaller angles) beyond 
which the flow will separate from the projectile 
forward of the base, reulting in a Cp o which is 
greater than the minimum attainable, and which 
varies from round-to-round with consequent deg- 
radation of accuracy. See Refs. 25 and 26. 

4 — 7.8 Dual Flow 

As a general rule, we assume that projectiles 
having the same shape and c.g. location will have 
the same set of aerodynamic coefficients when fired 
at the same Mach number (and Reynolds number), 
and that small differences in shape and surface 
finish will produce only small differences in the 
coefficients. The few outstanding exceptions to 
these rules are discussed below. 

4 — 7.8.1 Spike-Nosed Projectiles 

It was found some time ago that replacing the 
ogival head of a projectile by a slender cylinder 
protruding from the flat forward face of the body 
would move the c.p. of the normal force rearward, 
reducing Cu a and reducing the spin rate required 
to stabilize a spin-stabilized round, or reducing the 
length of the tail required on a fin-stabilized round. 
These spike-nosed projectiles had higher drag co- 
efficients than the corresponding projectiles with 
ogival heads. Also, for some designs, projectiles 
from the same lot, fired under the same conditions, 
exhibited drag coefficients which fell in one or the 
other of two groups, with the averages of the two 
groups as much as 30% apart. 

Examination of spark photographs showed that 
the low drag coefficients were associated with 
rounds on which the airflow separated from the 
spike at its tip, while on the high-drag rounds 
the flow separated at a point about half-way down 
the spike. This phenomenon was called “dual 
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M* 1.73 M = 2.75 M-3.80 



L= 1.0 CALIBER L- 1.0 CALIBER L= 1.0 CALIBER 



L-2.0 CALIBERS L= 2.0 CALIBERS L= 2.0 CALIBERS 


The pictures, taken in the BRL supersonic wind tunnel, show that the character of the flow orer a spike noae depends on Mach 
number and nose length. The flow separation is delayed, with consequent increase in drag, on the three photographs at the 
lower right hand enrarrf* >. Thicker spikes showed delayed separation at shorter Irngths (Ref. 35b). 


Figure 4 — 2. Flow Patterns on Varying Length, Constant Caliber .33 
Diameter Spike Notes at Supersonic Velocities 
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flaw”: its existence' was a function of llic geometry 
of Ihc spike. In order to avoid the occurrence of 
dual How, witli its serious effect on accuracy, 
modern spike-nosed rounds are furnished with a 
small ring near the tip of the nose which insures 
the early separation of the flow. 

Figure 4-2 shows the effect of Mach number 
and nose length on the flow pattern produced by a 
spike-nosed projectile. 

4 — 7.8.2 Undercut Projectiles 

Another example of dual flow was found in 
ballistic range firings of projectiles having the 
central part of the body deeply undercut; drag 
and moment coefficients varied from round-to-round 
by as much as 50%. The flow pattern, whether 
high- or low-drag, was stable ; i.e., once established, 
it persisted throughout the observed flight of the 
projectile. The possibility of dual flow may some- 
times be detected by wind-tunnel tests when bal- 
listic range firings do not reveal its existence. 

4 — 7.8.3 Hemispherical or Sharply Conical Base 
Projectiles 

The point of separation of the airflow from 
the base of a projectile having a hemispherical 
or sharply conical base will also vary from round- 
to-round, but in a continuously distributed manner, 
so that this behavior is not classified as ‘‘dual flow”. 
The hemispherical shape allows the wall of the base 
to be thinner, so that more HE can be carried, 
but extra care must be taken to insure dynamic 
stability (see Appendix VIII-H). 

4 — 7.9 Drag Variation with Yaw 

The increase in drag when the attitude of the 
projectile changes from zero yaw to a yawed posi- 
tion is called by some writers ‘‘induced drag.” 
This term is borrowed from airplane terminology, 
and is equivalent to ‘‘drag due to lift.” For small 
yaws, the axial drag is very nearly unchanged from 
its zero-yaw value, and its component parallel to 
the trajectory is also very little changed, since cos 8 

1 when 8 = 0. The normal force is inclined 
rearward at an angle 8, so it has a component in the 
drag direction which is given by Cs a 8 2 qS when 
8 sin 8. The expression for the drag coefficient 
then becomes 

Cd ~ Cd 0 4- Cn a & 2 


However, the observed coefficient of variation of 
drag with yaw squared, , is usually about 

twice as large as ('s m . 

While the induced drag may be reduced some- 
what by choosing a body shape having a small 
dynamic stability may t>e impaired so that the net 
effect on drag may be unfavorable. 

The above observations apply to fins as well as 
to bodies. It will be seen that over-stabilizing a 
finned projectile by means of a large fin lift may 
result in a C D penalty as well as increased muzzle 
blast sensitivity. 

4 — 7.10 Muzzle Blast 

4-— 7.10.1 Yawing Velocity Due to Transverse 
Vibration of Muzzle 

Nearly all projectiles emerge from a gun with 
essentially zero yaw. Even mortar projectiles, 
which have large bore clearance to facilitate drop 
firing, can lie in the tube no more than 0.3° out of 
line with the tube axis. The possibility exists 
that transverse vibrations of the muzzle may movi 
the rear end of the projectile after the c.g. has 
passed the muzzle ; this action, as well as any over- 
all motion of the gun tube, can impart yawing 
velocity to the projectile*, but no significant exit 
yaw. 

Equations for aerodynamic jump, which is one 
of the two primary flight characteristics, will be 
presented later in this handbook. It is noted here 
that jump is primarily a function of initial yawing 
velocity, and not of initial yaw. 

4 — 7.10.2 Transverse Pressure Gradients 

Transverse pressure gradients in the muzzle 
blast can impart some yawing velocity to the pro- 
jectile if the c.g. of the projectile does not coincide 
with the center of pressure of the transverse force. 
This effect is most prominent when firing with a 
worn gun tube. These transverse pressure gradients 
are probably related to the bore yaw of the pro- 
jectile. Good obturation reduces the pressure dif- 
ferences in the blast and shortens the effective blast 
zone, thus reducing initial yawing velocity, aero- 
dynamic jump, and dispersion at the target. An 
improvement in accuracy of hot rounds over cold 

*Kor a theoretical and experimental study of the effects of 
gun motion, see Ref. 3. 
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rounds of the same projectiles arises chiefly from 
their better fit in the tube, partly because bore 
yaw is reduced and partly because obturation is 
improved. 

4 — 7.10.3 Fin-Stabilized Projectiles in Reversed 
Flow 

Kin-stabilized projectiles are affected by the 
muzzle blast in yet another way. For a short time 
after emergence from the muzzle the blast gases are 
flowing forward over the fin surfaces, resulting in 
a large destabilizing moment which can impart a 
significant yawing velocity even though the time 
of action is short. It is of great importance that the 
aerodynamic moment coefficient of the fins in re- 
versed flow be kept as small as possible. 

Many photographs of the muzzle blast are 
available in firing test reports of the Development 
and Proof Services, Aberdeen Proving Ground. 
Maryland. 

Since the camera usually takes thousands of 
pictures per second, the emergence of the pro- 
jectile from the smoke cloud can be observed, and 
the time spent in reversed flow estimated. The 
data from the photographs can be correlated with 
the dispersion of hits on the target ; these correla- 
tions clearly show the importance of obturation for 
fin-stabilized rounds. 

4 — 7.10.4 Obturation 

Extrusion of the rotating band material into 
the grooves of the rifling is usually considered to 
furnish adequate obturation for spin-stabilized 
rounds. However, some recent projectile designs 
have included special obturating rings or discs, 
similar to the devices commonly used on fin- 
stabilized rounds; these devices are described in 
paragraph 5-3.4. 

4 — 7.11 Crosswind 

4 — 7.11.1 Wind Sensitivity 

While the projectile designer cannot do any- 
thing about the wind, he can do something about 
the sensitivity of his projectile to the effect of wind. 
A stable projectile will nose into the wind, i.e., the 
equilibrium position of the longitudinal axis of the 
projectile, neglecting yaw of respose and trim, will 
be in line with the resultant of projectile velocity 


and witid velocity. The net drag force (drag minus 
rocket thrust) will then have a component at right 
angles to the projectile velocity. In the absence 
of rocket thrust, or if drag exceeds thrust, the pro- 
jectile will acquire a downwind lateral velocity and 
displacement; if thrust exceeds drag, the projectile 
will move upwind. 

4 — 7.11.2 Lateral Deflection 

With no rocket thrust, a constant crossvvind, and 
making the usual assumption that the projectile 
aligns itself with the resultant air-stream as soon 
as it leaves the muzzle of the gun, we can write 
a very simple expression for the deflection of a 
flat trajectory by a crosswind (see II. I’. Hitch- 
eock, The Motion of a Very Stable Shell at Short 
Ranges, BRL Report 1047, April 1958. p. 19). 

Y « V. (T — y-) 

where 

Y = lateral deflection at 

impact, ft 

V„ = crosswind velocity, fps 
T = time of flight, sec 
X — range, ft 
V 0 = muzzle velocity, fps 

The only variable in the above expression is the 
time of flight. Substituting for T its equivalent, as 
given in paragraph 4-6. 1.2, we have 

From this equation we can find that the lateral de- 
flection in mils decreases with increased projectile 
weight or muzzle velocity, and increases with in- 
crease in Cd . 

These relations furnish the designer with addi- 
tional reasons for seeking low drag and high 
sectional density (unless his projectile contains a 
rocket motor, when the trade-off situation becomes 
more complex). 

4 — 7.12 Values of Cn vs Mach Number 

u o 

Curves of Cd 0 vs Mach number for typical 
projectiles are shown in Appendixes VIII-A 
through VIII-Z. The configuration of the pro- 
jectile is shown on each page in order to enable 
the designer to interpolate between shapes. 
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CHAPTER 5 

CHOICE OF METHOD OF 
STABILIZATION 


5—1. STABILITY 
5 — 1.1 General 

In order to have a small induced drag, a pro- 
jectile must be stable, i.e., the yaw of the projectile 
must, damp to a small equilibrium angle early in 
its Slight. If not statically stable nor gyroscopi- 
cally stable, the projectile will commence to tumble 
as soon as it leaves the muzzle of the gun ; if not 
dynamically stable, the yaw of the projectile will 
grow continuously with time, so that the projectile 
will tumble or go into a flat spin unless the expected 
time of flight is very short. 

5 — 1.2 Static and Gyroscopic Stability 

Static stability is related to the position of 
the center of pressure of the normal force with 
respect to the c.g. of the projectile. If the c.p. is 
aft of the c.g., the projectile is statically stable, i.e., 
any yaw of the projectile produces a moment about 
the c.g. which tends to return the axis of the 
projectile to the zero-yaw position. If the c.p. is 
ahead of the c.g., the normal force produces an 
overturning moment tending to increase the yaw. 
However, if the projectile is spinning rapidly 
enough about its own axis, the yaw will not grow 
rapidly but mainly change direction ; the projectile 
is said to be gyroscopically stable, even though 
statically unstable. 

Since the c.p. of a cylindrical body of revolu- 
tion is usually ahead of its centroid, a typical pro- 
jectile shape is unstable unless : 

a. Mass of the projectile is so concentrated at 
the forward end as to move the c.g. ahead 


of the c.p. (this is rarely a practical solu- 
tion), or 

b. Projectile is provided with a flaring rear 
end or with flat surfaces (fins) at the rear 
of the body which move the c.p. rearward 
of the c.g., or 

c. Projectile is made gyroscopically stable by 
spin. 

5 — 1.3 Factors to be Considered in Choice of 
Fin-Stabilization 

5 — 1.3.1 Against 

Fixed fins take up length without adding to 
the payload volume of the .projectile, except in 
the special case of an arrow, or subcaliber, pro- 
jectile. Folding fins either add to the length or 
reduce the volume, depending on the design 
adopted, but in any case add to the complexity of 
the projectile. Since the usefulness of a pro- 
jectile of a given maximum diameter and over- 
all length is reduced when its payload volume 
is reduced, and, in general, spin-stabilized pro- 
jectiles are cheaper than and as accurate as the 
corresponding fin-stabilized projectile having equal 
payload, projectiles arc stabilized by spin unless 
there are overriding reasons to the contrary. 

5— 1.3.2 For 

Some of the reasons for choosing fin-stabiliza- 
tion are : 

a. A fin-stabilized projectile can be longer in 
porportion to its diameter (have a greater 
fineness ratio) than one which is spin- 
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stabilized. If the logistic limitations on 
length (storing, handlin'?, loading into the 
gun) are not exceeded, the fin-stabilized pro- 
jectile may be long enough to have an internal 
volume greater than that of the correspond- 
ing spin-stabilized round. 

b. The lethality or other terminal usefulness 
of the round may be impaired by spin. An 
example in this category is the shaped charge 
round. 

e. The mission of the projectile may require 
that it be fired at high quadrant elevations. 
Conventional spin-stabilized rounds suffer 
severe degradation in accuracy when fired 
at quadrant elevations greater than about 
65°; fin-stabilized rounds do not. 

d. The internal structure of the projectile may 
be such that the round becomes dynamically 
unstable when spun, or even such that it can- 
not be spun rapidly enough for gyroscopic 
stability by the guns available. 

e. The projectile may be designed to be fired 
from a smooth-bore gun. 

f. Fin-stabilized projectiles can be fired from 
a rifled gun without picking up enough spin 
to lose accuracy. This is done by the use of 
an obturator which engages the rifling but 
slips on the projectile. 

5—2. SPIN-STABILIZED PROJECTILES 

The first requirement we place on a projectile 
is that it be stable. It must be statically or gyro- 
seopically stable; it must also be dynamically stable 
unless its expected trajectory is very short. The 
stability of spin-stabilized projectiles is treated in 
the paragraphs which follow. 

5 — 2.1 Gyroscopic Stability 

5 — 2.1.1 Gyroscopic Stability Factor 

The gyroscopic stability of a spin-stabilized 
projectile can be assessed by computing s g , the 
gyroscopic stability factor. 


where 


l x — axial moment of inertia, slug-ft" 
l v — transverse moment of inertia, 
slug-ft 11 

p = axial angular velocity, rad /sec 
fi — static moment factor, lb-ft/radian 

< »n the assumption that the static moment varies 
linearly with yaw, the expression for the static 
moment per radian of yaw is 

g = l P# 1 2 C Ma 

p — air density, slug/ft® 
d — maximum body diameter, ft 
V — airspeed, ft /sec 
C Ma — static moment coefficient, 
per radian 

Close attention must be paid to the units used in 
these expressions, as some of them are not the units 
customarily employed in reporting measurements 
of the quantities. 

5 — 2.1.2 Conditions on Value of s r for Stability 

If 0 ^ s g 1 the projectile is unstable and 
will “tumble” within a few hundred feet of the 
gun. 

If s„ is greater than one, the projectile is gyro- 
scopieally stable, and we then investigate its 
dynamic stability, as described later. Since s„ is 
inversely proportional to the density of the air, 
projectiles which are stable at standard atmos- 
pheric conditions may be unstable when fired under 
arctic or other nonstandard conditions of tempera- 
turo and pressure. Possible environments must he 
taken into account in computing ; this fact, 
coupled with the uncertainties in the other factors 
entering into s f , has led some designers to set 1.3 as 
a lower limit on s 9 in the preliminary design stage, 
using standard air density in the computation. 

Note that at the muzzle we can write 

s a = where (\ = constant 

but p/V ~ 2%/nd, where n is the twist of the rifling 
at the muzzle, in calibers per turn. Hence the 
initial stability of the projectile depends on the 
rifling twist and only indirectly on muzzle velocity. 
If this were not so, zoned fire, i.e., firing with re- 
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duccd propelling charge. would lx* impractical. The 
indirect influence of muzzle velocity arises from the 
dependence of ('u a on Mach number; this de- 
pendence can cause instability at reduced muzzle 
velocities. 

Conventional projectiles lose airspeed much 
more rapidly than they lose spin. The value of .s\, 
thus nearly always increases as the projectile flies 
down range. 

The stability factors of projectiles fired at high 
quadrant elevations can. unless projectile velocity 
is maintained by rocket thrust, reach quite large 
values at the summit of the trajectory, owing to 
decreases in both velocity and air density. These 
large values are not detrimental in themselves, but 
the conditions which produce them also bring about, 
large increases in the equilibrium yaw of the pro- 
jectile. 


This equation shows that at the summit of a high 
angle trajectory, where cos M =■ 1 and p is con- 
siderably less than its sea level value, if V is small 
the yaw may be very large ; it may even shift over 
to the left-hand equilibrium angle with disastrous 
results for the trajectory prediction. See Ref. 66, 
p. 392. 

5 — 2.2.3 Trailing 

An analysis of the first (and most significant) 
term of the expression for yaw of repose may shed 

j L P<l cos (-) 
dr YfiSfi C„ m + " " 

some light on the mechanism by which a spinning 
projectile “trails" as it moves along its trajectory. 
Rearranging the above* equation gives 


5 — 2.2 Yaw of Repose 


5 — 2.2.1 General 

The gravity curvature of the trajectory gives 
rise to an angle of yaw large enough to create a 
precession rate which will permit the axis of the 
projectile to follow the tangent to the trajectory. 
This equilibrium requirement causes the projectile 
to point to the right of its flight path (right-hand 
yaw of repose) when the spin of the projectile is 
clockwise as viewed from the rear, which is the case 
with nearly all United States artillery ammunition. 
The lift force associated with this angle causes a 
drift to the right, and an estimate of the magnitude 
of this drift is given in the firing tables for the 
projectile. The designer is interested in keeping 
this drift small, and as uniform, from round to 
round, as possible. 

The yaw of repose is proportional to p/V :t . 
If it becomes large, the projectile may become 
dynamically unstable with resulting loss in range 
and accuracy. 


5 — 2.2.2 Formula for Angle of Repose 

An approximate expression for the usual right- 
hand yaw of repose is 


&r 


I x pg cos 0 /, , .L' 'f pa P d \ 

h P SdC iIa V* + , c Ma V ) 


i r vsic u . s ,-i, P £S^ 


On the left side of the equation wc have the static 
aerodynamic moment, on the right side we have 
the axial angular momentum, I x p, multiplied by 
the rate of change of direction of the tangent to the 
trajectory, g cos 0/U (see paragraph 4-5). The 
product is a rate of change of angular momentum, 
caused by the aerodynamic moment ; conversely, 
the aerodynamic moment arising from the yaw of 
repose is just sufficient to change the angular 
momentum of the projectile at the rate required 
for the axis of the projectile to remain tangent to 
the trajectory (in the vertical plane the yaw is in 
a [ilane normal to the trajectory plane and the 
static moment is at right angles to the rotation, or 
‘precession', of the projectile axis, which is the 
well known gyroscopic behavior). 


5 — 2.2.4 Projectile Asymmetries 

Asymmetries of a projectile, arising from the 
manufacturing process, will add (vectorially) a 
small constant yaw to the yaw of repose, increasing 
the possibility of trouble at the summit. Asymmetry 
also introduces a forcing function which can lead 
to resonance; the resulting yaw can be large for 
fin-stabilized projectiles, and the subject will be 
discussed further in paragraph 5-3. 
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5 — 2.2.5 Method of Computation of Projectile Spin 

The gyroscopic stability factor is calculated at 
the muzzle and is often calculated at the summit 
of high angle trajectories as an index of summital 
behavior. It is recommended that the designer com- 
pute the yaw of repose at the summit of such 
trajectories, and compute the stability factor at 
the muzzle and at impact. If his computer pro- 
gram does not include a running calculation of spin 
rate, he must estimate as well as he can what the 
spin rate of the projectile will be at summit and 
impact, using the expression (in the absenee of 
rocket thrust) 


P. 

V cos 6 


exp 




where the subscript o refers to conditions at the 
beginning of the interval over which the change in 
p/Y is being computed, r is distance measured 
along the trajectory, and k« - = md-/I x . This ex- 
pression assumes that p, Ci p and Cp are constants, 
which is not likely. Average values of these 
parameters must be used, and it will be seen that 
the approximation for p/Y may be poor. Designers 
of spin-stabilized projectiles have been willing to 
assume that the projectiles retained enough spin 
to be stable at impact and to accept whatever limi- 
tation on quadrant elevation was found to be 
necessary in test firings of the round. 

While C lp is negative, C„ is usually of sufficient 
magnitude that p/V increases as the projectile 
rises to the summit. On the descending limb the 
cosine of the trajectory angle is decreasing, and 
p/V will decrease, since obviously V is increasing 
while p, in the absence of some spin-producing 
mechanism such as a canted fin, continues to de- 
crease. 

Shown in Table 5-1 and Table 5-2 are sample 
trajectories for a typical 5-inch projectile, with 
initial conditions differing only in quadrant eleva- 
tion. The trajectory with Q.E. == 3° offers an 
opportunity for a simple check on the (p/V) / 
(P/V). equation presented above. Using average 
values of p and C„, we have, for p/Y at impact 


P 

V v cos( — 3.9°) ( (.001186) (0.1355) 

cos 3° exp i 1 .435 Z 

(6.89 ( - .014) + 0.365) 9330 j 


_ .9977 281 
- .9986 e 


1.325 


The trajectory calculation gives v/v„ = .295/. 224 
= 1.32, so the approximate formula is very good 
for flat fire. 

For the trajectory with Q.E. — 70°, the rough 
estimates of p and (/, obtained by taking simple 
means values would be .00088 for p and .285 for 
Up. 


V 


V,X 


cos ( - 77.8°) | (.00088) (0.1355) 

cos 70° CXp | 1.435 

(6.89 ( - .014) + 0.285) 54100 j. 


.2113 851 

= .3420 6 = 1-45 


The trajectory calculation gives v / v 0 — .289/.224 
= 1.29, so the approximation is onlj' fair. The 
use of values of C D weighted by the arc distance 
traversed, in calculating the means, would make 
the approximation for v/v 0 very good. 

The high angle trajectory is presented princi- 
pally to show the magnitude reached by the yaw 
of repose at the summit. The actual yaw might be 
much greater because dynamic instability, owing 
to nonlinearity of the aerodynamic coefficients, is 
likely to occur at yaws of this magnitude. 


5 — 2.3 Zoning 

Conventional projectiles attain their maximum 
range when fired at a quadrant elevation of about 
45°. For rocket-assisted projectiles the Q.E. for 
maximum range is greater than 45°, running up to 
60° or 70° when using a long-burning rocket wit* - 
a high ratio of fuel weight to total projecti. 
weight. Ranges shorter than the maximum may be 
obtained by changing the Q.E., reducing the effec- 
tive rocket thrust, or reducing the muzzle velocity. 
Reduction of the muzzle velocity in a series of steps, 
by reducing the charge of gun propellant, is called 
“zoning”; each level of muzzle velocity is called 
a “zone”, and variations of range within each zone 
are obtained by varying the quadrant elevation. 

A projectile whose range is controlled by muzzle 
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velocity variation must be stable over a wide range 
of Mach numbers, which will almost certainly in- 
clude transonic speeds at sea level air densities. 
Since ('» a usually peaks in the transonic regime 
and the gyroscopic stability factor is inversely pro- 
portional to (’ Ua , stability may be at a minimum 
in the transonic regime, If data are not avail- 
able for the full range of speeds, estimates may be 
made by use of the shapes of the V.v a vs Mach 
number curves of projectiles similar to the one in 
question. Use of an estimated Cn a requires a 
greater margin of safety on the gyroscopic stability 
factor to insure that it does not become less than 
unity. However, if trajectory calculations show 
that the projectile will spend only a short time in 
the transonic regime, it may be possible to accept 
a certain amount of instability for that short time. 

The gyroscopic stability factor of a conven- 
tional spin-stabilized projectile usually has its 
smallest value at the muzzle. Rocket-assisted pro- 
jectiles, on the other hand, are more likely to be- 
come gyroscopically unstable on the descending 
limb of the trajectory, near impact. This insta- 
bility can be avoided by : 

a. Distributing the mass of the projectile sq 
that its c.g. is forward of the usual location in 
a projectile of the given aerodynamic shape. 

b. Increasing the rifling twist of the gun. 

c. Canting the rocket nozzles, or providing in- 
ternal means of rotating the jet from a single 
nozzle. 


5 — 2.4 Dynamic Stability of Spin-Stabilized 
Projectiles 

5 — 2.4.1 Magnitude of Modal Vectors 

The yaw of a symmetric projectile acted on by 
a linear force and moment system is given by 

« = K lo e XlS e'*' + K io e^ s e l< ^ - h t 

Ki o = initial magnitude of 
nutation vector 

K io = initial magnitude of pre- 
cession vector 

X, — nutation damping exponent, 
per caliber 


X 2 = precession damping ex- 
ponent, per caliber 
■s -- travel of projectile, calibers 
4>j phase angles of the model 
vectors (j = 1,2) 

S, - equilibrium yaw 


We are concerned here with the magnitudes and 
signs of Xi and X 2 . It will be seen that the magni- 
tude of a modal vector will increase if its associated 
X is positive; the larger the value of X the more 
rapid is the increase in the magnitude of the vector. 
The term e'*i is, of course, simply a sinusoidal 
oscillation between +1 and — 1, and between -j-t 
and — i. If neither of the two modal vectors, K\ 
or K 2 , grows in magnitude as the projectile flies 
down range, the projectile is said to be dynamically 
stable. For dynamic stability, therefore, both Xi 
and X 2 must be equal to, or less than zero. 

From Ref. 12a we have 


Xi = 


1/2 [ H - 


2 T - H 


] 


and X 2 differs only in having a -f sign between the 
two terms inside the brackets. 


H * “ Cd ~ kf (Cm < + 

- f![ c ‘* + » c “~ ] 

So, since s„ is a function of C Ma and (indirectly) 
of C, p , we see that all of the major aerodynamic 
coefficients enter into the determination of the 
damping exponents. 


5 — 2.4.2 Dynamic Stability Factor, s d 

Murphy (Ref. 12a) recommends that instead 
of simply requiring that the Xy be nonpositive, we 
should set an upper limit on the greater of the two 
which must not be exceeded if the projectile is to 
fulfill its mission. This limit, represented by an 
unsubscripted X, may be greater than zero be- 
cause some growth of initial yaw may be tolerable, 
especially in short flights. 

5 — 2.4.2. 1 Stability for X max “ ^ 

Murphy then introduces the dynamic stability 
factor, s rf , where 
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2 T + 2X 
Sd H + 2X 

and by use of the expression for X m>1 with the 
restraints that X m ,x — X and H -f 2 X > 0, arrives 
at the identity 

7 - = »i (2 - tit) 

*0 

Plotting this expression as a eurve with 1/s, and 
Si as coordinates, we get 


Stability domains are for 



Figure 5 — 1. Abbreviated Graph of 1/s g vs s d 

Conditions as to stability are a function of the 
location of the point determined by the inter- 
section of 1/s, with Si (Figure 5-2), namely: 

a. Intersection lies below curve: Projectile is 
gyroscopically stable and may be dynami- 
cally stable, with X m , s < X. 

b. Intersection lies on the eurve : X m , x = X 

e. Intersection lies above curve: Projectile is 
dynamically unstable with X m „ x > X and may 
be gyroscopically unstable. 

5 — 2.4.2.2. Stability for X = 0 

In practice, X is often set equal to zero. Then 
the expression for the dynamic stability factor is* 

= 2 T 2 (Cl. + k.* C„ pa ) 

° H Cl„ ~ C D - *,-* { C Mq + Cm.) 

The curve in Figure 5-1 is now the locus of points 
where X = 0. If the intersection of 1/s, with s, 
lies above the curve, we can calculate Xn,« x by 
measuring As*, the change in s, required to reach 

*8ome authors add C D -f - C,^ to the denominator ; 
however, this sum is effectively zero compared with C L 


the curve, moving horizontally, and using the 
following relation : 


Xmijr — 


HI 2 L 1 _ 

7 — Asj when — < 1 

s do - A.Sd s. 


(Remember that H contains the factor ps d ;2m.) 
Xote that // > 0 is one of the constraints on s, 

0 t 

so the X m . x computed by the above expression is 
positive, and one of the yaw vectors is undamped ; 
we can estimate the growth of this vector from 
exp [X n „ x s) where s is travel in calibers. Similarly, 
when the intersection lies below the curve, use of 
the above expression for X milx will result in a 
negative value with which the rate of decrease of 
yaw can be computed. 

Returning to the expression for Si 0 we note that 
C La is always positive and usually much greater 
than Cp. The denominator of is nearly always 
positive. If it is not, we should not compute s do 
The numerator contains the magnus moment co- 
efficient, C Mpt ,, which is usually positive for spin- 
stabilized projectiles at supersonic speeds, but 
often negative at transonic and subsonic speeds. 
Si o is usually positive, and indeed the values of the 
coefficients and radii of gyration (in calibers) are 
such that s, # nearly always lies between 0 and 2 ; 
if Si o is outside these limits, the projectile cannot 
be stabilized by spin. 

In BRL Report 853 (Ref. 48), Murphy dis- 
cusses the influence of mass distribution on the 
dynamic stability of statically unstable projectiles. 
He notes that at supersonic velocities many bodies 
of revolution cannot be stabilized by spin if the c.g. 
is more than two calibers aft of the centroid. The 
centroid is, of course, the point at which the c.g. 
would be located if the projectile were of uniform 
density; it is near the geometrical centroid of the 
silhouette of the projectile. In any case, there is an 
optimum c.g. location which minimizes the spin 
rate required for stability, and this optimum loca- 
tion is usually near, and aft of, the centroid. 

The complete graph of 1/s, vs s,, taken from 
Ref. 12a, appears as Figure 5-2. 

Unfortunately C Ubo is sensitive to changes in 
yaw angle. We cannot preserve linearity in the 
magnus moment by restricting 8 to less than 10° 
as we have assumed that we could for some other 
aerodynamic coefficients. A large C ha and k a will 
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TABLE 5—1 

SAMPLE TRAJECTORY FOR SPIN-STABILIZED 5-INCH PROJECTILE 

AT Q.E. = 3° 

(SEE APPENDIX I) 


FFO FFM TYPE RGA RGT O.FT 

1.050 1.250 5.540 .301 1.030 .4150 

3:0 0. 


WTO 

VO 

SPIS 

SBT 

OTM 

TWIST 

QE 


46.08 

1925. 

• 

.0 

.400 

28.00 

3.000 


V/TB 

ZO 

TEMP- 

DTL 

DTE 

CDD2 

CLP 


46.08 

.001189 

• 

1116.0 

59. 

4.0 

.350 

6.00 

-.014 


TIME 

X 

DIST 

V 

CD 

CMA DR 

MASS 


THETA 

z 

THRUST 

DRAG YAW MACH SPIN SG 


.00 

• 

• 

1925.0 

.331 

3.93 

1.000 

1.43 

.05 

• 

• 

197.4 

.000 

1.72 

.224 

1.36 

.12 

.90 

1694. 

1695. 

1804.4 

.342 

4.01 

.997 

.234 

1.43 

.03 

75. 

m 

178.9 

.000 

1.61 

1.46 

.13 

1.04 

,9 2I- 

1938. 

1787.5 

.344 

4.02 

.997 

1.43 

.03 

.13 

• 

176.3 

.000 

1.60 

.236 

1.48 

• 

1.74 

3156. 

3158. 

1704.1 

.351 

4.07 

.996 

1.43 

.02 

118. 

• 

163.7 

.000 

1.52 

.244 

1.57 

.14 

.2.94 

5125. 

5127. 

1574.8 

144.6 

.364 

4.16 

.995 

1.43 

-.00 

137. 

• 

.001 

1.41 

.259 

1.72 

.15 

4.09 

6867. 

6870. 

1465.8 

.377 

4.23 

.996 

1.43 

-.02 

113. 

• 

129.8 

.001 

1.31 

.273 

1.88 

.17 

5.15 

8375. 

8379. 

1375.5 

.388 

4.38 

.998 

1.43 

-.05 

55. 

• 

117.9 

.001 

1.23 

.286 

1.99 

.18 

TIME P S 

5.85 

RANGE, M 
2839. 

V,FPS 

1316. 

THETA, D 
-3.9 

SPIN 

.295 

SG 

2.04 
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TABLE 5—2 

SAMPLE TRAJECTORY FOR SPIN-STABILIZED 5-INCH PROJECTILE 

AT Q.E. = 70° 

(SEE APPENDIX I) 


FFO FFM TYPE RGA RGT D,FT 


.050 1. 

250 5 

.540 . 

381 1.030 . 

4150 


WTO 

VO 

SPIS 

SBT 

DTM 

TV/ 1 ST 

QE 

46.08 

1925. 

• 

.0 

.800 

28.00 

70.000 

WTB 

ZO 

TEMP 

DTL 

DTE 

CDD2 

CLP 

46.08 

• 

59. 

8.0 

.350 

6.00 

-.014 

001189 

1116.0 






TIME 

X 

DIST 

V 

CD 

CMA DR 

MASS 

THETA 

Z 

THRUST 

DRAG 

YAW 

MACH SPIN SG 


.00 

• 

• 

1925.0 .331 

3.93 

1 .000 

1.43 

1.22 


* 

197.4 .000 

1.72 

.224 

1.36 

.22 

5.62 

3140. 

8749. 

1260.0 .397 

4.53 

.770 

1.43 

1.17 

8166. 

• 

78.2 .002 

1.16 

.313 

3.00 

.35 

15.86 

7420. 

18531. 

739.1 .168 

4.69 

.581 

1.43 

1.02 

16951. 

• 

8.6 .013 

.70 

.496 

9.64 

.68 

31.25 

13064. 

26588. 

360.4 .304 

4.21 

.487 

1.43 

.27 

22465. 

• 

3.0 .151 

.35 

.971 

48.95 

.30 

34.45 

14159. 

27696. 

336.7 .375 
3.3 .186 

4.18 

.485 

1.43 

-.02 

22606. 

# 

.32 

1.033 56.07 

.80 

44.85 

17496. 

31575. 

450.3 .196 

4.33 

.513 

1.43 

-.81 

20841. 

* 

3.2 .069 

.43 

.757 

27.51 

.80 

60.85 

22170. 

41728. 

819.9 .168 

4.79 

.683 

1.43 

-1.23 

11898. 

• 

12.4 .007 

.76 

.390 

4.95 

.30 

65.65 

23443. 

45396. 

911.0 .220 

4.97 

.775 

1.43 

-1.28 

7931. 

• 

22.8 .004 

.84 

.340 

3.19 

* L-U 

70.45 

24617. 

50416. 

966.5 .253 

5.06 

.892 

1.43 

-1.32 

3566. 

• 

33.9 .003 

.87 

.307 

2.23 

.80 

TIMERS 

74.20 

RANGE, M 
7755. 

V,FPS 

988. 

THETA.D SPIN 
-77.0 .289 

SG 

1.82 
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reduce the effect of changes in ('u pa , and a small 
and nearly constant yaw angle will reduce the size 
of the change in magnus moment. We see im- 
mediately the value of good obturation in keeping 
the initial yaw small, and the value of high pro- 
jectile velocity in keeping the equilibrium yaw 
small. 

5 — 2.4.3 Further Discussion of Magnitude of Modal 
Vectors and Stability 

The following paragraph is taken from Murphy 
(Kef. 12a): 

The requirement that the exponential co- 
efficients be negative throughout the flight is much 
stronger than necessary in a number of applica- 
tions. This can be seen by the following example. 
Consider the case of a specific projectile whose ex- 
ponential coefficients are strongly negative for 
M — 2.0 except for the Mach number interval 
(0.9, 1.1) where both exponents are positive. Ex- 
act numerical integration showed that an initial 
maximum angle of attack of four degrees for the 
launch Mach number of two will decay to a tenth 
of a degree before the Mach number decreases to 
1.1. The dynamic instability associated with the 
transonic velocities then will cause the maximum 
angle to grow to approximately one degree and then 
decrease a second time when subsonic stability is 
established. Thus the “dynamically unstable” 
projectile has maintained a small angle of attack 
over the entire trajectory. 

5 — 2.5 Aerodynamic Jump of Spin-Stabilized 
Projectiles 

5 — 2.5.1 General 

The path taken by a projectile after leaving the 
muzzle of the gun is determined principally by 
wind, gravity, drift, aerodynamic jump, and, of 
course, by the direction in which the gun is point- 
ing when the projectile emerges from the muzzle. 

The designer can reduce the sensitivity of the 
projectile to wind by reducing C D , or balancing 
drag by rocket thrust ; he can reduce the round-to- 
round dispersion due to varying gravity drop by 
good obturation which reduces round-to-round 
variations in muzzle velocity. Drift should not 
vary much from round to round if the projectile 
yaw is kept small. In this discussion we will simply 
set wind, gravity, and drift equal to zero, assume 
that the transverse component of the velocity 


imparted to the projectile by the gun is negligible, 
and consider how the designer may reduce the re- 
maining source of inaccuracy, aerodynamic jump. 

5 — 2.5.2 Aerodynamic Jump Defined 

In the absence of wind, gravity, and drift, an 
average line drawn through the swerving path of 
the projectile, such that the projectile spends equal 
times on each side (or all sides) of the line, can be 
visualized as a straight line which intersects the 
muzzle of the gun. At the muzzle this mean tra- 
jectory line will make an angle with the line de- 
fining the direction of the bore of the gun; this 
angle is called the “aerodyanmic jump.” 

Note that the plane of the aerodynamic jump 
angle can lie in any orientation; jump can be up, 
down or sidewise. At a vertical target the effect of 
jump appears as a deviation from the theoretical 
point of impact, which is computed from the bore 
sight line, corrected for drift and gravity drop. 
(In flat firing wind corrections are seldom made; 
rounds are fired as rapidly as is practical, and the 
wind effect is assumed to be the same for all 
rounds). 

5 — 2.5.3 Magnitude of Aerodynamic Jump 

The aerodynamic jump of a symmetric pro- 
jectile, in radians, is given (to a close approxima- 
tion) by 

C L d 

Sj = ^ — y - 

where V» = projectile 

velocity, fps 
5 0 = yawing velocity, 
rad/sec 

Po = spin rate, 
rad/sec 

= yaw, radians 

and the imaginary multiplier, t, shows that the con- 
tribution of initial yaw to jump is at right angles 
to the direction of the yaw. Asymmetry of the 
projectile adds another term to the expression for 
By, a term which depends on the size and initial 
orientation of, the asymmetry; see Murphy, Com- 
ments on Projectile Jump, Ref. 57. It is important 
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that projectile asymmetries be kept as small as is 
economically feasible. 

8„ is usually so small that the second term in the 
jump equation is about an order of magnitude 
smaller than thp first. However, if the bon; clear- 
ance is unusually large, or if there is a strong cross 
wind at the gun, the yaw may be large and the 
second term cannot bo neglected. 

j 0 varies from round to round. Good obtura- 
tion will reduce its magnitude and the magnitude 
of the variation. For a low drag projectile, 
Cu a /Cl„ is approximately equal to the distance, in 
calibers, between the e.g. of the projectile and the 
c.p. of the normal force. Increasing this distance 
will reduce 0 j for a given 8„ but the design changes 
which increase the c.p.-e.g. separation, such as an 
increase in the length of the projectile, often also 
increase k] . Boattailing will decrease C, a and 
increase C Ma , increasing the c.p.-c.g. separation 
without much change in k\ . Since drag is also 
decreased, boattailing has a very beneficial effect 
on performance unless the stability of the design 
is impaired; this must be checked (see paragraph 
5-2.4.). This discussion of aerodynamic jump 
applies only to dynamically stable projectiles. 

5 — 2.5.4 Orientation of Aerodynamic Jump 

The orientation of the aerodynamic jump angle 
also varies from round to round, because 8„ is a 
vector. The direction of 8„ depends on the pattern 
of the gas flow in the muzzle blast, which in turn 
depends on the bore yaw of the projectile. Since 
projectiles loaded in the gun in the same manner 
probably ride the lands of the rifling in the same 
manner (see Ref. 56), the orientation of the blast 
pressure field, and therefore of 8 0 , is probably 
biased in one particular direction. Hence the distri- 
bution of jump orientation angles, when a group 
of rounds is fired, is probably sharply peaked in 
one quadrant. 

5 — 2.5.5 Distribution of Aerodynamic Jump 

The distribution of impact points on the target 
is really a circular (or elliptical) distribution about 
the theoretical point of impact of all the rounds, 
assuming no change in gun direction. The bias 


described in the preceding paragraph produces a 
hit pattern which appears to be a rectangular dis- 
tribution about a mean point of impact which is 
1 he “center of gravity’’ of the pattern. Artillery 
targets are always analyzed as though this were 
the true situation, since the center of impact and 
the vertical and horizontal probable errors are very 
easy to compute from the coordinates of the hits. 
The location of the theoretical point of impact is 
very difficult to obtain from the coordinates of the 
hits and cannot be computed from the boresight line 
with any certainty, which makes the derivation 
of the true 0/ distribution impractical. 

The above discussion is presented because of 
its implications for design descisions based on the 
results of firing tests. Since the P.E. V and P.E. H 
method commonly used is theoretically inappro- 
priate, design changes should not be based on small 
samples, i.e., groups of fewer than 15 rounds. 
Furthermore, since most design changes are aimed 
at reducing only the magnitude of 8j and not at 
reducing its directional dispersion, the statistically 
indefensible procedure of eliminating “maverick” 
rounds from the error calculations may be justified 
by the contention that their points of impact on 
the target were the result of unusual orientations 
of the jump angle, not large changes in its magni- 
tude. 

5 — 2.5.6 Relationship Between Aerodynamic Jump 
and Q.E. 

5 — 2.5.6. 1. Vertical Component 

In firing for range, the importance of the verti- 
cal component of 0/ depends on the quadrant 
elevation of the gun. Differentiating the expression 
for range in a vacuum gives an approximation of 
the effect of changes in angle of departure on range. 

V 1 

X = — sin 20 
9 

dx = cos 200 d0 o 
9 


When 0,, = 45°, the change in range is negligible. 
At 0 O = 15° the change in range, in mils, is about 
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3.5 time* as great as the change in departure angle 
(in milliradians) due to aerodynamic jump, so at 
low quadrant elevations jump is an important 
factor in range accuracy. 


5 — 2.5.6.2 Horizontal Component 

The horizontal component of 9y produces a 
horizontal deviation at the point of fall of the 
projectile, which is proportional to the arc length 
of the actual trajectory. Since the deflection dis- 
persion of rounds fired for range is usually re- 
ported in mils based on the mean range, the effect 
of a given horizontal jump is multiplied by the 
ratio of the arc length of the trajectory to its 
horizontal projection. Again we can estimate this 
ratio from the vacuum condition, giving 


Arc 


and at 9, = 45°, 


r i 

i * j„ I 

f cos 9. \ "1 

Loose. 

tan 9. ‘ 

i 1 - sin 9./ J 


Arc 


—1.15, while at 9. = 15°, 


^ TC = 1.01. Hence, this factor can be significant 

"X. 

in estimating deflection P.E.’s from aerodynamic 
jump, when 9. > 40°. 


5—3. FIN-STABILIZED PROJECTILES 


5—3.1 General 


The inconvenient fact that the center of pressure 
of the aerodynamic forces on a projectile body is 
almost invariably forward of the c.g. of the body 
can be counteracted by placing lifting surfaces 
(fins) rearward of the c.g. If, when the projectile 
is yawed, the moment produced by the lift forces 
on the fins is greater than that produced by the 
forces on the body, the net moment will oppose the 
yaw and the projectile will be statically stable. 
In symbolic notation, we have 

Cs a = Cs„ B + C NaT 

C Ma = C n „ b ( Xc.p. B -'Xc.o.) + 

Cn. t (Xc.p. t — Xc.a.) 


C.P. - C.G. 


Cm, 


Cn. 


where the subscript B refers to the body and the 
subscript T refers to the tail. Unsubscripted 
quantities apply to the whole projectile. The X’s 
are distances in calibers, measured from the base 
of the whole projectile, which is usually the base 
of the tail. The tail comprises all of the fins and 
the (usually) cylindrical boom on which they are 
mounted. Arrow or subcaliber projectiles have the 
fins mounted directly on the body, so the base of 
body, base of tail, and base of whole projectile 
may coincide. Folding fins may require an arbi- 
trary definition of their base location, depending 
on the design. 

5 — 3.2 C.P.-C.G. Separation 

It will be noticed in the above equations that 
X c .p. r — X c .g. is negative, and C u . will be negative 
if the projectile is statically stable. C.P.-C.G. is 
then also negative, but this quantity is often re- 
ferred to simply as “c.p.-c.g. separation,” in cali- 
bers, and treated as though it were unsigned. 

The optimum magnitude of the c.p.-c.g. separa- 
tion is not well defined. For minimum sensitivity 
to muzzle blast the tail moment coefficient, 

( Xo.p. T — X c .a.) 

should be small; to minimize the yaw angle 
due to projectile asymmetries, the total static 
moment coefficient, Cm., should be large. The 
writer believes that the design value of the 
c.p.-c.g. separation should be far enough above 0.5 
caliber that inaccuracies in estimation of Cm. and 
Cn . , including the effects of manufacturing varia- 
bility, will not reduce the c.p.-c.g. separation of 
any round below 0.5 caliber. On the other hand, 
c.p.-c.g. separations greater than one caliber have 
been found to be accompanied by increased disper- 
sion at the target. 

5—3.3 Fin Type 

The choice of fin type is obviously a trade-off 
problem, involving the utilities of projectile volume, 
range, accuracy and cost. Establishing trade-off 
curves for each design, determining optimum points 
for each design, and then comparing the optima 
would be a long process. It is doubtful that the 
choice will ever be made explicitly in this way, but 
the intuitive narrowing of choices must follow 
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these Hues. A brief discussion of the types of fins 
follows. 

5— 3.3.1 Fixed Fins 

Fixed fins of one caliber span are easy to make, 
and easy to make uniformly; this promotes ac- 
curacy. However, space is required between the 
leading edge of the fins and the location of the 
full body diameter in order to reduce fin-body 
interference and allow the fins to develop their 
expected lift. This reduces the projectile volume-to- 
length ratio. If low drag is important, the long 
boattail required further reduces the useful pro- 
jectile volume. 

5 — 3.3.2 Folding Fins 

Folding fins which are bunched behind the 
projectile when in the gun tube and fanned out to 
more than one caliber span by some mechanism 
after the projectile has left the muzzle blast can 
produce large c.p.-c.g. separations without large 
muzzle blast effects. They are expensive and con- 
ducive to large projectile asymmetry. They need 
not reduce the volume-to-length ratio of the pro- 
jectile as much as do fixed fins. 

Folding fins which are wrapped around the 
projectile near its base when in the gun tube and 
spring out after the projectile leaves the muzzle, 
can produce the required stability with reduced 
sensitivity to muzzle blast and very little reduction 
in projectile volume. They are not cheap; the 
asymmetry they produce can be offset by a large 

5 — 3.4 Obturation 

Good obturation is important for both spin- 
and fin-stabilized projectiles, especially so for the 
fin-stabilized rounds. It has been achieved by the 
use of rubber or plastic rings on or near the cylin- 
drical portion of the body, or by the use of a disk 
of suitable material placed behind the projectile 
(pusher obturator). The obturator is sometimes 
given the added function of holding folding fins in 
the closed position ; the obturator must then break 
up on emergence from the muzzle, usually no prob- 
lem with rubber or plastic obturators which can be 
notched or, if necessary, segmented. Obturators on 
mortar projectiles must break-up into small non- 


lethal fragments on emergence; this behavior may 
be required for other weapon systems. Obviously, 
retaining the obturator in flight increases the drag. 

Fin-stabilized projectiles are often fired from 
rifled guns. The obturator must be designed to fill 
the grooves of the rifling, but it must not impart 
a high spin to the projectile. Friction between 
obturator and projectile will impart a slow spin 
which is usually remarkably uniform from round 
to round, and which can to some extent be con- 
trolled by the designer by varying the material of 
the obturator and the area of its surface of con- 
tact with the projectile. 

5 — 3.5 Arrow (Subcaliber) Projectiles 

5 — 3.5.1 General 

The large muzzle energy obtainable with large 
caliber guns offers the possibility of launching a 
light projectile at very high velocity. If the light 
projectile is reduced in caliber, its weight per unit 
deceleration due to drag would be so great as to 
soon reduce its velocity below that of a heavy pro- 
jectile fired from the same gun. But if the light 
projectile is reduced in caliber its weight per unit 
of frontal area (sectional density) can be in- 
creased up to the point at which it becomes a use- 
ful item for employment against armor, owing to 
its high striking velocity. Since these subcaliber 
projectiles are usually very long in proportion to 
their diameters, they must be fin-stabilized; they 
are referred to as “arrow” projectiles. 

5 — 3.5.2 Sabot 

The space between the subcaliber projectile 
and the gun barrel is filled by an annular device 
called a “sabot.” The fins, attached to the body 
near its base, have a span equal to the gun caliber 
so that they and the sabot, which is usually placed 
near the c.g. of the projectile, form two riding 
surfaces which keep the bore yaw of the projectile 
small. 

If the projectile is propelled by a pusher 
obturator, the sabot has only a centering function 
and can be relatively light and lightly attached to 
the projectile. However, the sabot must often pro- 
vide the obturation and transmit most of the 
accelerating force to to the projectile since the sabot 
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area is often greater than the base area of the 
projectile. The sabot is then heavy, and attached 
to the projectile by means of grooves around the 
projectile body. These grooves naturally give rise 
to shock waves which increase the drag. If fired 
from a rifled tube, provision must be made for 
rotational slippage between obturator and pro- 
jectile. The sabot must leave the projectile by 
break-uj) or segmentation shortly after leaving 
the muzzle because its drag would be intolerable. 
Fragments of the sabot may strike the fins, so the 
fins must be strong. For this reason, and to improve 
the riding of the fins on the interior surface of the 
gun tube, the fins are often end-plated. While 
the transverse plates on the tips of the fins increase 
the drag, they also increase the lift of the fins, 
permitting a reduction in fin area which largely 
offsets the drag of the plates. Some interesting 
sabot designs are described by Allan in BRL Rept. 
1005 Part I (Ref. 61). 

MacAllister and Roschke (Ref. 63) compiled 
and analyzed the drag data obtained in several 
ballistic range firings of arrow projectiles. They 
found that the addition of four one-caliber square 
tail-fins to a ten-caliber cone-cylinder body in- 
creased the drag to about 160% of the drag of the 
body alone, when the fin thickness was 8% of the 
fin cord. When the fin thickness was 16%, the 
drag increased to about 220% of the body-alone 
value. When these fins were canted 2°, the drag 
increased by an additional 10% of the body-plus- 
tail value. These large C» 0 values are made tolera- 
ble by the fact that they are based on the diameter 
of the slender body. 

5 — 3.5.3 Aeroelasticity 

Because of the high velocity of the arrow 
rounds, the aerodynamic forces and moments to 
which they are subjected can become so large as to 
cause a long, slender projectile to deform in flight 
into a slight bow. Since the forces change direction 
as the projectile yaws and rolls slowly, the bowing 
deflection becomes an oscillation which leads to the 
possibility of resonant magnification. Solid bodies 
are not likely to give trouble but, in the event that 
a significant portion of the body is thin-walled, the 
natural frequencies of the body vibrating as a rod 
should be calculated and compared with the yawing 


frequency \/ — n/ly, in radians per second. Large 
deformations increase the drag of the projectile 
(‘veil if they do not threaten its integrity. 

5 — 3.6 Dynamic Stability of Fin-Stabilized 
Projectiles 

5 — 3.6.1 General 

As discussed (at greater length) in the sub- 
section on spin-stabilized projectiles, a projectile 
is said to be dynamically stable if its transient yaw 
does not increase during flight. Statically stable 
fin-stabilized projectiles having zero spin are always 
dynamically stable; the yaw, which is planar, de- 
cays according to the expression 

6 = So e +6, (nonspinning) 

where 

x c ” - < c “* + c "‘»] 

s is the travel in calibers, and S e is the constant 
yaw due to projectile asymmetry, or “trim angle.” 
The additional yaw which arises from the curvature 
of the trajectory is negligible for normal trajec- 
tories. 

5 — 3.6.2 Zero Spin 

A condition of zero spin almost never exists 
since manufacturing tolerances permit some slight 
twist of the fins resulting in a spin producing 
torque. In fact, zero spin is very undesirable, be- 
cause then the lift produced by the trim angle, 
Sr, will steer the projectile away from its predicted 
trajectory; this deflection due to asymmetry can 
be intolerably great if the roll rate of the projectile 
is near zero over much of the trajectory. 

5 — 3.6.3 Equilibrium Roll Rate 

5 — 3.6.3. 1. Equilibrium Spin 

Nearly all fin-stabilized projectiles are de- 
signed to acquire a certain equilibrium spin, called 
a slow spin because it is much smaller than the roll 
rates used for spin-stabilization. The spin torque is 
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generally produced by “canting” the fins, or, if the 
projectile is rocket-assisted, may be produced by 
canting the rocket nozzles. 

5— -3.6.3,2 Torque 

When the torque is produced by twisting or 
cambering the fins, or by canting, i.e., bending up 
a portion of each fin, the spin torque is produced 
by the lift of the fins, which acts in opposite di- 
rections on opposite sides of the projectile axis. 
The angle at which the air flow over the projectile 
strikes the fins depends on the spin rate; as the 
spin rate increases, the angle of attack of the canted 
portion of the fin decreases and the spin torque 
decreases until it just balances the decelerating 
torque produced by skin friction. 


5 — 3.6.3.3. Computation of Equilibrium Roll Rate 
This equilibrium roll rate is given by 


v ' ~ C, p d i,c 

where p. — equilibrium roll rate, rad/sec 

C, t = roll moment coefficient due to fin 
cant (at zero spin) 

C, — roll damping moment coefficient 
j /e * = fin cant angle, radians 

Ci 4 is a function of the percentage of fin area 
which is canted; C ip is always negative. This ex- 
pression is useful when Ct t has been determined in 
a wind tunnel test. However, C, t /C tp may be 
estimated from the approximation, valid only for 
fins with a tip radius at least three times as great 
as the root radius, 


C,J 


3 d 

/S„,A 

r -i 

i U*. / 

L 12 ft* Sfin Cr 

J 


where CV is the fin lift coefficient slope based 
/ 


on fin area, C f _ is the roll damping moment 

B 

coefficient of the body alone, S fin is the total fin area 
(not the wetted area, which is twice as great) and 
$«•«» is the total canted area. Hence the ratio 
Sca»t/Sfim is the proportion of fin area which is 
canted. 8 is frontal area, ft is fin span and d is 
maximum diameter of the body. 


5 — 3.6.3.4 Sample Calculation 

For example, a 6-inch projectile with one- 
caliber fins (ft — d) might have the following 
characteristics : 


C i — 2.0 per radian 

a f 

C i. = - 0.02 

'b 

S = 0.196 ft* 

S/i. = 0.5 ft 8 
S^, = 0.1 ft 8 
S/ c » 4° « 0.073 radian 
V = 1600 fps 


C, 


(=S3F)]- 

« - 0.57 



and p t 



(0.073) = 133 rad/sec 


= 21 rev/sec 

This calculation is not very sensitive to C ta , 
which can be estimated by the expression 



S 

be 


where ft = span of fins, and c = average fin chord. 
If the fins have more than 45° sweepback, the 
above expression for Cj, /C ip may not give a 
usable value. 


5 — 3.6.4 Computation of Dynamic Stability 
5 — 3.6.4.1 General 

It is important to have a good estimate of the 
equilibrium spin since the likelihood of dynamic 
instability increases with increasing spin rate. This 
is often expressed by saying “the spin rate must 
be kept low enough to avoid magnus effects.” 
Murphy’s dynamic stability factor, s d , was dis- 
cussed in paragraph 5-2.4. This method of dis- 
playing the dynamic stability of a projectile can 
be extended, without change*, to statically stable 
projectiles; the complete curve of 1 /&, vs s d is 
shown in Figure 5-2. For fin-stabilized projectiles, 

•Except to note that for fin-stabilized projectiles the 
damping exponents, > X t and X 2 , are approximately equal. 
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x„ in negative since Cy a is negative. For small 
values of apin, s t approaches zero and 1/s, becomes 
a large negative number. Hence, the possibility of 
dynamic instability is small when the spin is small. 

5 — 3.6.4.2 Sample Calculation 

Our 6-inch tinner used as an example in the 
discussion of spin due to fin cant in preceding 
paragraphs might also have the following char- 
acteristics : 


l x = 0.15 slug-ft* 

7, = 3.0 slug-ft* 

Cj# a = — 2.5 per radian 

Then we have 

1 4 lA V 'SdCu m 

s, Ilf 

(4) (3.0) (.00119) (1 600)* (0.196) (0.5) (-2.5) 
(0.15)* (133)* 

= -.22.5 

Using Murphy’s criterion 
— = td, (2 — SdJ for Xj = X* ^ 0 

we find that the projectile of this example is 
dynamically stable if s dt lies between — 3.8 and 
4-5.8. It should not be difficult to design a fin- 
stabilized projectile with a value of s d0 lying be- 
tween these limits. 


5 — 3.6.43 Magnus Moment Coefficients 

Platon, Ref. 45, points out that blanketing of 
the leeward fins by the body, when a slowly rolling 
projectile is yawed, can create an unbalanced side 
force which is identified as a magnus force. This 
force, and the moment associated with it, can be 
as large as the magnus force and moment on a 
rapidly spinning body of revolution. If the fins are 
canted, the fin lift, at equilibrium spin, is in 
opposite directions on the inboard and outboard 
sections of the fin, leading to a nonlinear variation 
of "magnus” moment with yaw. 


In any case, the magnus moment coefficients of 
fin-stabilized projectiles are less predictable than 
those of spin-stabilized projectiles. For this reason 
it is wise to allow as great a margin of dynamic 
stability as can be secured without falling into 
resonance instability, which is discussed in the next 
paragraph. 

5 — 3.7 Resonance Instability 

While spin-stabilized projectiles can theoreti- 
cally experience coincidence of spin and yaw fre- 
quencies, this phenomenon is so much more likely 
to occur with fin-stabilized projectiles that it is 
discussed here. 


5 — 3.7.1 Variation of Magnitude of Yaw with 
Asymmetry 

Murphy (Ref. 12a), in his discussion of the 
angular motion of a slightly unsymmetric missile, 
shows that the magnitude of the yaw due to asym- 
metry is usually well approximated by 

K = A 

* r* - Pv + M 

where 



spin in radians per 
caliber of travel 


«-5C C ‘- 

and A is a constant which depends on the kind 
and degree of asymmetry. 

If the denominator is set equal to zero and 
solved for v, the result is 



but this is precisely the expression for the fre- 
quencies of the two modal vectors of yaw (Ref. 
12a). So if either the nutational frequency or the 
precessional frequency is nearly equal to the spin 
frequency, the magnitude of the yaw due to asym- 
metry can become very large. The similarity to a 
spring-mass system subjected to an external alter- 
nating force has led to the use of the term "res- 
onance instability” as a label for this mechanism 
for yaw increase. The increase in yaw, unlike the 
growth of the amplitude of an ordinary spring-mass 
system, is bounded not so much by the damping in 
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the system as by its nonlinearity; the resonant 
yaw of projectiles may become large enough to 
cause loss of range and accuracy through large 
drag increases, but not so large as to cause the pro- 
jectile to tumble. 

5— 3.7.2 Resonance Roll Rate, p r 


5— 3.7.2. 1 Computation 

The spin is most likely to coincide with the 
nutation frequency , which is given by 


Since 


p _ I* and 

J. 

_ _ Vd 

— v — V 


for resonance, then 


lx \ a. 

All 


Ml 
II I. 

This reduces to 


II 


M 



where qS*C Mm is the static moment factor per 
radian, and p r is the resonant roll rate in radians 
per second. When l t is greater than I„, which it 
always is for conventional artillery projectiles, p 
must be negative for resonance, and only statically 
stable (C M m < 0) projectiles can exhibit resonance 
instability. We can estimate the resonant roll rate 
from 



which is seen to be just slightly higher than the 
usual approximation for the yawing frequency of 
a fin-stabilised projectile, y/ — /»//,, in radians per 
second. 

5 — 3.73.2. Sample Calculation 

For the 6-inch finner used as an example in 
paragraph 5 — 3.6 


at V = 1600 

v— „ I — = 16.2 rad/sec fps at sea 

V 3.0 -0.15 level 

The equilibrium roll rate p, for this finner was 133 
rad/sec, so p e is well above p r . Since both p, and 
p r are directly proportional to airspeed, changes in 
V along the trajectory do not alter the p„/p r ratio. 

5 — 3.7.23 Ratio of p fl /p r to Avoid Resonsance 
Instability 

It will be seen from the expression for p that 
decrease in air density with altitude decreases p r ; 
if the equilibrium roll rate is greater than p r , 
firing at high quadrant elevations will decrease the 
chance of resonance instability. Therefore, in firing 
from a rifled gun, the obturator should be de- 
signed to produce a roll rate at emergence from 
the muzzle at least three times as great as the cal- 
culated resonant roll rate, p r , and the fins should be 
designed for an equilibrium spin (v, = p*d/V 
about the same as the spin at emergence. The v, 
of our 6-inch finner, 0.041, is unnecessarily high in 
view of its y T of 0.005 ; either the fin cant angle or 
the percentage of fin area canted could be cut in 
half. 

Conventional projectiles fired from a smooth- 
bore gun emerge from the muzzle with essentially 
zero spin. Since normal manufacturing asym- 
metry can produce equilibrium roll rates close to 
resonance, the fins are usually canted to produce a 
p e greater than p r . The roll rate of the projectile 
must therefore pass through p r on its way to p«; 
if this passage is rapid enough, the temporary 
growth in yaw due to resonance will be negligible. 
The greater the p,/p r ratio, the shorter the time 
spent in the vicinity of Pr, unless the disastrous 
phenomenon call “roll lock-in” occurs. 

5—3.8 Roll Lock-In 

Nicolaides and others have made an extensive 
theoretical and experimental study of the be- 
havior of slightly asymmetric projectiles spinning 
in the neighborhood of resonance. Some of their 
work is reported in Refs. 50 and 51. Recourse to 
these reports should be made when designing pro- 
jectiles which must pass through the resonant roll 
rate. Nonlinearities and secondary aerodynamic 
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moments not considered in the discussions in this 
handbook can offset the fin torque, causing the spin 
to remain at the resonant frequency long enough 
for the yaw due to asymmetry to grow catastrophi- 
cally. Giving the projectile a spin at emergence — 
and at equilibrium — greater than v r , is the method 
recommended in this handbook for avoiding roll 
lock-in. 

5 — 3.9 Aerodynamic Jump of Fin-Stabilized 
Projectiles 

All of the material on the aerodynamic jump of 
spin-stabilized projectiles (paragraph 5 — 2.5) ap- 
plies without change to fin-stabilized ammunition, 
with the exception that the drift of a fin-stabilized 
projectile is kept small by rolling the projectile 
slowly. However, it requires very good design and 
manufacture to keep the aerodynamic jump (and 
therefore the dispersion) of fin-stabilized rounds to 
as low a level as that of standard spin-stabilized 
rounds fired from the same gun. This has been 
observed many times in test firings of fin-stabilized 
tank rounds, where spin-stabilized rounds were 
used as control rounds. 

The aerodynamic jump angle 0/, is reduced by 
increasing the c.p.-c.g. separation, as is seen in the 
equation in paragraph 5-2. 5. 3. (c.p.-c.g. C„ a / 
C L a for small yaw). Unfortunately, if this in- 
crease is achieved by increasing the moment co- 
efficient of the tail, as by greater fin area or a longer 
boom, then the effectiveness of the fins in the re- 
versed flow existing in the blast zone is increased, 
with resulting increase in initial yawing velocity. 
If this increase in S„ is greater than the increase in 
c.p.-c.g. separation, and it may well be, then the 
aerodynamic jump is increased, not reduced, by the 
change in c.p.-c.g. separation. 

The c.p. of the normal force on the body alone 
can be moved rearward by changing the shape of 
the body ; this can increase the c.p.-c.g. separation 
of the whole projectile with little or no change in 
the tail moment If this body change is made by 
substituting a spike for the ogive, the drag is in- 
creased. 

Fin-stabilized rounds are probably more sensi- 
tive to transverse pressure gradients in the blast 
zone than are spin-stabilized rounds. Calculations 
indicate that the effect of these pressure gradients 


on aerodynamic jump is minimized if the resultant 
of the transverse pressures on the projectile passes 
through the normal flight c.p. of the round. How- 
ever, since little is known about the distribution of 
muzzle blast pressure in either space or time, the 
best way to reduce muzzle blast effect is to reduce 
the magnitude and duration of the blast pressures 
on the projectile by good obturation. 

It will be noticed that aerodynamic jump has 
been discussed only for dynamically stable pro- 
jectiles where initial yawing velocity and c.p.-c.g. 
separation are the quantities of interest. Fin- 
stabilized projectiles which are statically stable are 
also dynamically stable unless they have an un- 
usually high roll rate. 

5 — 3.10 Fin Effectiveness at Supersonic Speeds 
(Ref. 12b) 

With low aspect ratio* fins of the order of 1.0 
or less, the span is the predominant factor for 
producing high normal force coefficients. However, 
when spans are limited to no greater than one full 
body diameter, the optimum chord length must be 
determined. For a fixed span there is a definite 
limit to the chord length that will give the best 
combination of normal force and most rearward 
C.P. The normal force based on body frontal 
area decreases with increasing Mach number for 
a constant span and constant chord, and it decreases 
more rapidly as the chord is shortened. This means 
that as aspect ratio increases, the effect of Mach 
number is greater on the fin normal forces. The 
most efficient chord length appears to be between 
calibers .70 and 1.0, dependent on Mach number. 
The larger chord should be used for the higher 
Mach numbers. 

The effect of leading-edge sweepback is negligi- 
ble so far as normal force is concerned if constant 
area and aspect ratio is held. From the wing 
theory the lift within the tip Mach cones is approxi- 
mately l /> of the two-dimensional value.** This is 
caused by a pressure leakage around the tips from 

•Aspect ratio is defined herein as the exposed span squared, 
divided by the exposed fin area. The exposed fin area 
is the total plan view area (of a pair of fins) less the 
area occupied by the boom. The exposed span is the 
total span less the (average) boom diameter. 
'•Two-dimensional flow theory states that, for supersonic 
flow, the normal force coefficient, based o n exposed fin 
area, is given approximately by C N — 4/ v/Jf 2 — 1. 
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the lower to the upper surfaces. If more of the fin 
surface is affected by the tip Mach cones, the lower 
the total normal force will be and the further for- 
ward the (!,!*. will move. If by some method we 
could prevent this pressure leakage around the 
tips, we would be able to two-dimensionalize a 
three-dimensional surface. End plating the fins was 
attempted. By this method it was found that the 
fin normal force could be increased as much as 40% 
depending upon the amount of fin area affected by 
the end plates and the amount of end plate width. 
The end plated fin as against the plain tail on the 
T108 firings had restoring moments 31% greater 
and much better accuracy. The damping coefficients 
were also larger for the end-plated tails as against 
the plain tail, and this caused the more stable round 
to damp to % amplitude in fewer cycles. 

A complete end plate width would be classified 
as a shrouded or ring tail. Experimental evidence 
at low Mach numbers showed that the shroud had 
a strong tendency to choke or block the air flow 
over the fin surfaces, thereby causing poor flow 
over these surfaces. This in turn caused poor 
lifting results. However, since the flight velocities 
have been raised to high Mach numbers, the ten- 
dency for the flow to choke between the fins and 


shroud is eliminated, and fin normal forces are 
increased and C.P. ’s moved rearward. 

The number of fins necessary for optimum 
normal force appears to be six. Theoretically six 
fins, acting independently of each other, should give 
1 Ms limes the force of four fins, however, experi- 
mentally they usually produce only 20% to 30% 
more, dependent upon Mach number. If more than 
six fins are employed, the fins interfere with one 
another so far as the flow fields are concerned, and 
the normal force suffers. 

In order to obtain maximum tail effectiveness, 
one would want the tail to be in a uniform flow 
region, i.e., outside of any body wake influences. 
This, however, is only possible when using folding 
fins whose sweep angles are relatively small. For 
fixed fin configurations (except in the case of arrow 
projectiles) the fins are operating mainly in the 
boundary layer flow from the body. Means of giv- 
ing the fin the most effective lifting surface are to 
make the supporting body as small as practical, i.e., 
keep the span to support body diameter as large as 
possible so that a greater portion of the fin is out- 
side of the body boundary layer, and boattail the 
main body so that smooth uniform flow is pre- 
sented to the surface. 
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CHAPTER 6 

ROCKET-ASSISTED PROJECTILES 


6—1. GENERAL 

The kinetic energy which a gnn can impart 
to a projectile is limited by the diameter of the 
bore, the length of travel of the projectile in the 
tube, and by the curve of chamber pressure vs 
travel. The muzzle energy can be increased 
by using a bigger, longer or thicker gun tube, 
thus increasing the cost of the weapon and, more 
important, decreasing its mobility. But range is 
limited by the kinetic energy supplied to the pro- 
jectile since each foot of trajectory subtracts 
from the kinetic energy an amount equal in 
magnitude to the drag force. 

To increase range, or to increase the pay- 
load carried to the same range, or to increase 
the velocity at target impact, without decreasing 
the mobility of the gun, the first step is to reduce 
the drag coefficient of the projectile to as low a 
value as is compatible with the projectile volume 
required by the projectile’s mission. The next 
step is to add kinetic energy to the projectile in 
flight. 

By increasing the length of the projectile, 
or by sacrificing some of the warhead volume, 
a rocket motor can be included in the projectile. 
The rocket thrust adds kinetic energy to the pro- 
jectile in flight. The resulting projectile is called 
a “ rocket -assisted projectile,” or, equivalently, 
a “gun-boosted rocket.” The burning of the rocket 
fuel can be controlled, or “programmed,” to be 
less than the drag force, approximately equal to 
drag, or very much greater for a short period. 

The addition of a rocket motor increases the 
cost of the projectile and increases the storage 
space required for a given destructive capability. 
An added limitation on muzzle energy is introduced 


by the maximum set-back acceleration which the 
propellant can tolerate without crushing, but this 
limiting acceleration is surprisingly high. 

6—2. MOMENTUM LIMITED SITUATION 

6 — 2.1 Variation of Muzzle Energy, Chamber Pres- 
sure and Propellant with Weight of Pro- 
jectile 

Because of the set-back acceleration limit, 
rocket-assisted projectiles are usually made heavier 
than the conventional ammunition fired from the 
same gun. The muzzle velocity is then limited by 
the capacity of the recoil system, and decreases in 
proportion to the increase in projectile weight. 
If we use the subscript ,l std” to identify the 
•symbols relating to a projectile which is launched 
at the muzzle momentum limit, then 

mV = m.id V,u (constant momentum) 

squaring, rearranging, and dividing both sides 
by two gives 

\, T/2 (muzzle energy 

I 2 ' ltd , \ 

m / decreases). 

Equating muzzle energy to the integral of the 
work done on the projectile by gas pressure in the 
gun gives 

a £p,«- ( ^.)a£p.. u <U 

where 

P c — chamber pressure 
A — bore area 
L — bore travel 
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Assuming the pressure-travel curves have the same 
shape, Pc — hP CtUj) and P c — ( m tts/ m ) Pc^ t^ en 
muzzle energy and chamber pressure, and conse- 
quently the weight of gun propellant, are inversely 
proportional to the weight of the projectile, in a 
momentum limited situation. 


6 — 2.2 Variation of Setback Acceleration 

The setback acceleration, a, is given by 


a 


Pc A 
m 


m 1 


Pc. 


A = 


/ «in y ^ c tu a 

\ m / m,td 


so the setback acceleration is inversely propor- 
tional to the square of the mass ratio. 


6 — 2.3 Effect of Rocket Additions on Projectile 
Design Parameters 

The reduction in weight, and volume, of gun 
propellant allows some of the extra length occu- 
pied by the rocket motor to be inserted in the space 
previously occupied by gun propellant. Whether, 
and how, this is done depends on the characteristics 
of the gun tube and loading system involved. 

Large increases in range require, if warhead 
volume is not to be severely reduced, an increase in 
projectile length. Experience has shown that spin- 
stabilized projectiles longer than 6 calibers usually 
require a high spin rate for gyroscopic stability; 
in the absence of rocket thrust these projectiles 
slow down so much on a high angle trajectory that 
their equilibrium yaw becomes dangerously large. 
However, when the projectile velocity is maintained 
by a rocket which burns nearly to the summit of 
the trajectory, spin-stabilization may be used for 


projectiles as long as 8 calibers, or possibly longer*. 
At 10 calibers, fin-stabilization is almost certainly 
required. 

6 — 2.4 Effect of Rocket Additions on Accuracy 

Long-burning rockets, sometimes called “sus- 
tainer” rockets, with thrust approximately equal 
to drag, can have a proving ground accuracy (no 
wind) very little worse than a conventional round 
fired from the same gun. Thrust malalignment, 
which contributes heavily to the dispersion of fast- 
burning rockets, is a minor factor in the low-thrust 
rocket. Variation in rocket fuel specific impulse 
contributes to rocket dispersion and accounts for 
the slightly inferior accuracy of long-burning 
rockets compared with conventional projectiles 
when both are fired in the absence of wind. How- 
ever, a long-burning rocket is less affected by wind 
than a conventional projectile, so that combat ac- 
curacy of the rocket-assisted round might well be 
better than the conventional. 

Accuracy analyses of rocket-assisted projec- 
tiles, both spin- and fin-stabilized, are presented 
in Bullock and Harrington, Summary Report on 
Study of the Gun-Boosted Rocket System, Ref. 69. 
These analyses, with supporting experimental data, 
are very useful for design; an extensive bibliog- 
raphy is also included. Initial yawing velocity, 
dynamic unbalance, and wind are identified as the 
major sources of dispersion of spin-stabilized 
rockets; thrust malalignment can be significant 
in cases of high thrust and slow spin. Dynamic 
imbalance is not significant for finners, but fin 
asymmetry and thrust malalignment can be if the 
roll rate is too low; wind is also a major source 
of dispersion here. The reasons for the small wind- 
sensitivity of sustainer rockets are also discussed. 

* Special tailoring of the c.g. location may be required 
in order to reduce dynamic instability at the muzzle and 
near impact. 
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CHAPTER 7 

LIQUID-FILLED PROJECTILES 


7—1. GENERAL 

Projectiles having an inner cavity which is 
partially or completely filled with liquid are a 
special case of the class of projectiles having a 
nonrigid internal structure. The yawing motion 
of a projectile has usually such a low energy con- 
tent that small transfers of energy between the 
internal parts and the wall of the projectile can 
increase the yaw significantly. When the mass of 
the nonrigid part is large relative to the mass 
of the projectile, as it is in the case of some liquid- 
filled projectiles, the yaw may increase very 
rapidly. 

The instability of liquid-filled projectiles has 
been studied, theoretically and experimentally, 
by Karpov, Scott, Milne, Stewartson and others. 
Some of this work is reported in Refs. 71 to 73. 
The investigation is not complete; the statements 
made in the following paragraphs represent cur- 
rent (1964) concepts and opinions. 

7—2. EFFECT OF SLOSHING OF LIQUID 
FILLER 

Differences in the thermal coefficients of ex- 
pansion of projectile body and liquid make it im- 
practical to completely fill a projectile cavity with 
liquid. Mechanical devices for allowing the cavity 
volume to change with the change in liquid volume 
are possible, but not much used. Fills of 95% 
are common ; some projectiles may be filled to 98%. 

It has been found that the sloshing about of 
the fill in a fin-stabilized projectile does not in- 
crease the yaw. So a simple solution of the prob- 
lem of liquid fill is to use fin-stabilization. This 
is not always feasible; limitations on projectile 


length may reduce the volume of a finner below 
acceptable limits, or spin-stabilization may be 
desirable for terminal effects. 

7—3 COMPUTATION OF DESIGN 
PARAMETERS 

The discussion which follows applies only to 
spin-stabilized projectiles. 

7 — 3.1 Gyroscopic Stability Factor 

The gyroscopic stability factor of a liquid-filled 
projectile is given (approximately) by 

HbP 1 

''-4(7, B + c/ Vi )M 

where 

1. = axial moment of inertia 

B 

of rigid parts, slug-ft 2 
h B — transverse moment of 
inertia of rigid parts, 
slug-ft 2 

c = a constant related to the 
viscosity of the liquid ; 
for water, c = 0.3 
I„ L = transverse moment of 
inertia of liquid parts, 
slug-ft 2 

fi = static moment factor, 
lb-ft/radian 

The rigid parts include both metal parts and 
high explosive; the transverse moments of inertia 
are computed about the total c.g. of the projectile, 
with the liquid fill distributed as a hollow con- 
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centric cylinder occupying the full length of the 
cavity. 

7 — 3.2 Dynamic Stability Factor 

The dynamic stability factor — computed in the 
usual way from aerodynamic coefficients, except 
that kl is given by /, # ,/(w / // 1 ) and k] by 
(. /„ -f c/, ( )/'[(m, + cm L ) <P\ — must he such that 
the projectile would be dynamically stable over 
its trajectory if there were no interaction between 
the liquid fill and the projectile wall. 

7 — 3.3 Spin Rate 

In the transient period, during which the liquid 
fill is acquiring a spin rate equal to that of the 
projectile wall, the transfer of angular momentum 
from wall to liquid will reduce the spin rate of the 
wall. The reduction in spin rate may be very rapid 
if the liquid fill has a high viscosity, or if baffles tied 
to the projectile wall are placed in the liquid. On the 
theory of paragraph 7-3.1, above, that the angular 
momentum of the liquid does not contribute to s„, 
the projectile may become unstable. However, the 
transient period is then so short that baffles (or 
high viscosity) may actually improve the flight. 
Raffles can be designed simply on the basis of the 
torque exerted on the liquid in giving it angular 


velocity and on the shear, due to setback, at the 
roots of the baffles. 

7-4. RIGID BODY THEORY 

When all of the liquid is rotating with the same 
angular velosity as the projectile wall, the pro- 
jectile is said to be rotuting as a “rigid body.” 
If the liquid were not all of the same density, the 
heaviest fraction would be closest to the projectile 
wall as a result of the centrifugal field, which re- 
sembles a gravitational field. The air space, then, 
is as far away from the projectile wall as possible, 
surrounding the axis of the projectile or any solid 
core, such as a burster tube, which may be posi- 
tioned along the projectile axis. 

Stewartson’s theory is concerned with the in- 
stability of liquid-filled projectiles rotating as a 
‘ ‘ rigid body. ’ ’ It was derived for cylindrical cavi- 
ties completely or partially filled with liquid of 
uniform density and low viscosity; the behavior 
of test groups of rounds of varying geometry 
and percentage of cavity filled has been success- 
fully predicted by the use of this theory. The pro- 
jectile cavity need not be precisely cylindrical 
near its ends. The necessary formulas and tables 
for applying Stewartson’s criterion of instability 
are contained in Karpov, Dynamics of Liquid-Filled, 
Shell, BRL Memorandum Report 1477 (Ref. 72). 
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CHAPTER 8 

RANGE TESTING OF 
PROTOTYPE PROJECTILES 


a— 1. GENERAL 

Very few projectiles are completely satisfac- 
tory as first designed. Metal parts failure is rare, 
but the first test firings usually show that either 
range or accuracy is not as good as was desired 
or expected. In instances where the first group of 
ten or fifteen test rounds fired gave excellent results, 
a second group has often failed to confirm the good 
results of the first. Conclusions are drawn from 
the behavior of the test rounds ; design changes are 
made on the basis of these conclusions; and new 
prototype rounds are made and fired. This test 
and change sequence may go on through many 
cycles before an acceptable design is reached. 

The difficulty that a designer may encounter in 
translating a round from the drawing board into 
a useful weapon is described in the following ex- 
cerpt from the report of E. R. Dickinson, The Ef- 
fects of Annular Rings and Grooves, and of Body 
Undercuts on the Aerodynamic Properties of a 
Cone-Cylinder Projectile of M = 1.72 (Ref. 80) : 

Often, in a projectile’s progress from the de- 
signer’s drafting board to the assembly line, there 
are many changes made in the details of the pro- 
jectile ’s contour. As a result, the actual aerody- 
namic performance of the projectile may differ 
from that of the designer’s prediction. 

Almost all of the basic design data on projec- 
tiles concerns itself with smooth contours and 
simple geometric shapes. When practical considera- 
tions enter the picture and fuzes have to be at- 
tached, reliefs have to be machined, rotating bands 
have to be added, a projectile which may have been, 
originally, an optimum one, often falls short of ex- 
pectations. 

The engineer, who translates the ballistician ’s 


design data into a practical piece of ammunition, 
should be cognizant of the differential corrections 
that have to be made to the predicted behavior of 
the projectile. The purpose of this report (Ref. 80) 
is to show the effect, on drag, lift, and pitching 
moment, of depressions and protrusions on the 
surface of a body of revolution. Unfortunately, 
there were insufficient data to determine effects on 
the damping and magnus moments and forces. 

Obviously important to the designer is the 
soundness of the conclusions on which the design 
changes are based. This soundness is directly re- 
lated to the care taken in preparing for, firing, 
and analyzing the firing test. 

&— 2. PRE-FIRE DATA 

It is important that the designer know exactly 
what was fired and how it was fired. He must 
know what equipment was used for measuring the 
test parameters, such as velocity, time-of-flight, 
and target impact, in order to assess the accuracy 
of the numbers presented to him. Each round fired 
must be precisely identified so that its performance 
can be tied to its physical characteristics as deter- 
mined before firing. 

For each round, the following physical charac- 
teristics must be determined and recorded before 
firing: 

a. Individual weights and dimensions of all of 
the significant components of the round. 

b. Weight and center of gravity location of the 
projectile, including its simulated lethal 
charge. 

c. Amount of eccentricity of specific compo- 
nents relative to a chosen reference axis, 
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when assembled into the complete projectile. 

(I. Axial and transverse moments of inertia. 
(Moment of inertia data may be omitted if 
the projectile is fin-stabilized and it is known 
from a previous test that dynamic stability 
is not a problem.) 

e. Surface irregularities which could cause dis- 
ruption of proper boundary layer flow. 

f. Round number or other identification, which 
should be permanently marked on the pro- 
jectile. 

Some experiences in the manufacture of proto- 
type projectiles indicates that there should be no 
difficulty in meeting the following tolerances: 

a. Projectile weight: ±0.6% design value 

b. Center of gravity location: ± 0.05 inch 

c. Eccentricity: ±0.008 inch 

d. Moments of inertia: ±2.0% of design value 

Practical methods of measurement of projectile 
characteristics are described in E. R. Dickinson, 
Physical Measurements of Projectiles (Ref. 74). 

8—3. TESTING 

The primary function of the projectile test fa- 
cility is to acquire reliable and unbiased test re- 
sults. Engineering changes must not be based on 
conclusions that are statistically unsound; accord- 
ingly, the test must be planned to provide sufficient 
data for a statistical analysis (Ref. 76). It is the 
responsibility of the testing officer to insure com- 
pletion of the test, as planned, or to record any con- 
dition which will make completion impractical. 
The two types of tests, static testing and flight test- 
ing, are described below. 

8 — 3.1 Static Testing 

Static testing is an intermediate design tool, 
which is particularly useful in determination of the 
following : 

a. Shaped charge penetration 

(1) stand-off distance 

(2) liner design: thickness, cone angle, etc. 

(3) high explosive charge: type, volume, 
density, shape, etc. 

(4) effect of spin 


h. Fragmentation studies 

c. Smoke tests: chemical type, shape, volume, 
density, etc. 

d. Rocket motor performance 

e. Propellant and high explosive ignition sys- 
tems 

Many of these static tests involve design fac- 
tors which contribute to the mass and mass distri- 
bution, and directly or indirectly affect flight 
characteristics. 

8 — 3.2 Flight Testing 

The mission of the projectile determines the 
type of flight test conducted. The two most com- 
mon tests are to determine vertical target accuracy 
and range (distance), each of which is discussed 
below. 

8 — 3.2.1 Vertical Target Accuracy 

8 — 3.2.1.1 Measurement of Accuracy 

For vertical targets, the accuracy is expressed 
in terms of two probable errors, P.E. H and P.E. V . 
These indicate the distribution, both horizontally 
and vertically, about a center of impact. 

8 — 3.2.1.2 Temperature Range 

Test requests generally specify temperature con- 
ditioning of the test projectiles, for a 24-hour 
period prior to firing. The three temperature 
ranges usually employed are: 

a. Hot : 125° F 

b. Standard : 70°F 

c. Cold : — 40°F 

8 — 3. 2. 1.3 Data Recorded 

In vertical target accuracy tests the projectiles 
are fired on a flat trajectory and the following data 
are recorded: 

a. Projectile identification ; round identification 

b. Gun identification and condition 

c. Changes in gun elevation or azimuth (if 
any) between rounds 

d. Target distance from gun 

e. Muzzle velocity 
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f. Coordinates of points of impact 

g. Ground level meteorological conditions 

h. Terminal velocity 

i. Time of flight 

j. Chamber pressure 

k. Early yaw 

8— 3.2.2 Range (Distance) Accuracy 

8 — 3.2.2. 1 Measurement of Accuracy 

When testing projectiles for distance, the ac- 
curacy is measured in these two ways: 

a. Probable error of range; indicating the dis- 
tribution forward and aft of a calculated 
mean range. 

b. Probable error of deflection: indicating dis- 
tribution to the right and left of the center of 
impact. Deflection P.E. is generally ex- 
pressed in mils, based on the mean range. 

8 — S.2.2.2 Data Recorded 

These projectiles are generally tested through a 
range of quadrant elevations and the following 
data are recorded: 

a. Gun and projectile identifications as in flat 
fire 

b. Quadrant elevation and azimuth of gun 

e. Muzzle velocity 

d. Coordinates of points of impact or burst 


e. Meteorological data at ground level and 
aloft 

f. Time of flight 

g. Chamber pressure 1 Not always 

h. Early yaw / observed 

8 — 3.2.2.3 Instrumentation 

Subsequent field tests may be conducted undo 
localized weather conditions, such as at the Arctic 
Test Branch, Big Delta, Alaska. Instrumentation 
available for recording flight data are : 

a. Photography : Pictures taken at muzzle show 
growth of smoke cloud which is related to 
adequacy of obturation. Sequence photos 
record discarding sabots or record spin ac- 
tivity. 

b. Yaw Cards: The projectile is fired through 
a series of strategically located soft-card- 
board panels to record the attitude of the 
projectile relative to its line of flight. 

c. Radiosondes: A small radio transmitter 
built into the projectile is actuated upon 
firing. An on-ground receiver, being sensi- 
tive to the roll orientation of the transmitter 
antenna, is able to record the spin history 
of the projectile. 

d. Radar : Radar tracking can provide position 
and velocity data throughout the flight. 


Not always 
observed 
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CHAPTER 9 

MANUFACTURING TOLERANCES 


9—1. DIMENSIONAL CHANGES 

Cost factors necessitate that tolerances on parts 
being produced in large quantity be less stringent 
than prototype manufacturing tolerances. Dimen- 
sional changes, to facilitate production, may be 
made only when the flight results will not be sig- 
nificantly impaired by the change ; this implies that 
standards for high production runs can be estab- 
lished only after statistical analysis of prototype 
firing test data. A brief example of the type of 
analysis considered is presented below. Reference 
should be made to the Engineering Design Hand- 
books, Experimental Statistics, AMCP 706-110 
through AMCP 706-114, for a thorough treatment 
of this important phase of data analysis. 


9 — 1.1 Problem 

Pin misalignment relative to the longitudinal 
axis of the projectile is recorded during preflight 
inspection. The assemblies accepted at this time 
must meet the requirements of prototype manu- 
facturing. After test firing the accepted pro- 
jectiles, the impact dispersion at target is re- 
corded. 


9 — 1.2 Analysis 

A simple regression analysis of fin misalignment 
versus distance of hit from center of impact will 
produce numbers indicating the effect of misalign- 
ment. If the analysis indicates insignificant cor- 
relation, the tolerances on the fin dimensions which 
control alignment may be relaxed. 


9—2. PREDICTED PROBABLE RANGE 
ERROR 

Table 9-1 presents estimates of the probable 
variability of those projectile characteristics which 
most significantly affect range. These estimates 
were gathered from ballisticians at Picatinny Ar- 
senal, Aberdeen Proving Ground, and the Naval 
Ordnance Test Station. The last column in the table 
presents sensitivity factors for a particular rocket- 
assisted projectile when fired for maximum range. 
These sensitivity factors, which represent the per- 
cent change in range caused by a one percent 
change in the associated round variable, were ob- 
tained by trajectory computations as described in 
paragraph 4-2. 

The predicted probable error in range, in per- 
cent, due to each variable is therefore the product 
of the probable error of the variable and its as- 
sociated sensitivity factor. Under the usual as- 
sumption that the errors are independent of each 
other, the resulting range probable error of the 
projectile, in percent, is the square root of the sum 
of the squares of the individual products. Vector 
sums of this type can be significantly reduced only 
by reducing their large components. Obviously, a 
significant improvement in the range dispersion of 
rocket-assisted projectiles could be obtained by 
reducing the round-to-round variation in specific 
impulse. In the absence of rocket thrust, variations 
in drag coefficient become most significant; dis- 
persion might be improved by closer control of the 
external contour of the projectile. 

The foregoing paragraphs apply to high angle 
indirect fire. As the quadrant elevation is de- 
creased, the relative importance of the various 
factors changes so that in direct fire the most im- 
portant items are quadrant elevation and aerody- 
namic jump. 
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TABLE 9—1 

PROBABLE VARIABILITY OF ROCKET-ASSISTED PROJECTILE 
CHARACTERISTICS AND SENSITIVITY FACTORS WHICH 
AFFECT RANGE 



Probable Error as % 

Sensitivity Factor 

Bound Variable 

of Mean of Variable 

at max. range 

Projectile Weight 

.25 

.42 

Muzzle Velocity 

.25 

.81 

Fuel Weight 

.50 

.76 

Fuel Specific Impulse 

1.00 

.87 

Fuel Burning Rate 

.80 

.03 

Drag Coefficient 

.50 

.77 

Ballistic Density of air 

.30 

.77 

Quadrant Elevation 

.05 

.01 


9—3. DYNAMIC STABILITY OF 175-MM 
PROJECTILE, M437 

The trajectory calculations in Table 9-2 show 
that the M437 projectile fired at 45° quadrant 
elevation and 3000 fps muzzle velocity, will fly at 
a Mach number close to 1.15 over the entire de- 
scending limb of its trajectory. Referring to the 
aerodynamic data in Table 9-3, we see that in this 
Mach number vicinity the expected value of is 
close to 1.0, so that a round having values of the 
magnus moment and damping moment coefficients 
near to the average values measured for the rounds 
tested in the free flight range will be dynamically 
stable over its whole trajectory. 

However, the experimental data from the range 
firings showed considerable scatter, probably be- 


cause of the small size of the yaw level. As a con- 
sequence of this scatter, BRL investigated the 
sensitivity of the stability of the projectile to 
variations in the magnus moment and damping 
moment coefficients. These variations could arise 
from lot-to-lot variations in projectile shape or 
center of gravity location. 

The results of recent (1964) six-degree -of -free- 
dom computer runs at BRL show that the M437 
projectile behaved properly with variations of over 
four standard deviations from the curve fitted to 
the experimental values, but variations of five 
standard deviations produced instabilities. These 
computations. Table 9-4, indicate that other than 
minor lot-to-lot variations in shape or c.g. location 
can lead to trouble even when the basic design of a 
projectile is quite stable. 








AMCP 706-242 


TABLE 9—2 

SAMPLE TRAJECTORY FOR 175-MM SPIN-STABILIZED PROJECTILE, 

M437, AT Q.E. = 45° 


FFO FFM TYPE RGA RGT D,FT 
1.0C0 1.000 .175 .369 1.297 .5730 


WTO 

VO 

SPIS 

SBT 

DTM 

TWIST 

QE 


147.50 

3000. 

• 

.0 

.300 

20.00 45.000 


WTB 

Z" 

TEMP 

DTL 

DTE 

CDD2 

CLP 


147.50 

.001189 

• 

1116.0 

59. 

2.0 

.350 

5.80 

-.015 


TIME 

X 

01 ST 

V 

CD 

CMA DR 

MASS 


THETA 

Z 

THRUST 

DRAG 

YAW MACH SPIN SG 


.00 

# 

• 

3000.0 

.203 

3.62 

1.000 

4.58 

.78 

• 

• 

562.1 

.000 

2.68 

.314 

1.95 

.06 

3.46 

6895. 

9621. 

2577.8 

.222 

3.73 

.806 

4.58 

.75 

6709. 

• 

366.5 

.001 

2.36 

.342 

2.80 

.07 

7.92 

14749. 

20213. 

2198.8 

.240 

3.87 

.642 

4.58 

.71 

13815. 

9 

229.5 

.002 

2.07 

.379 

4.17 

.10 

13.64 

23745. 

31770. 

1858.3 

.260 

4.04 

.509 

4.58 

.64 

.12 

21.01 

21066. 

9 

140.3 

.003 

1.80 

.428 

6.38 

34145. 

44262. 

1552.6 

.279 

4.30 

.408 

4.58 

.52 

27972. 

9 

84.4 

.007 

1.54 

.491 

9.86 

.16 

30.84 

46699. 

58090. 

1282.1 

.307 

4.61 

.322 

4.58 

.31 

33713. 

9 

50.1 

.015 

1.30 

.572 

15.85 

.23 

43.01 

608 31. 

72479. 

1108.3 

.332 

4.99 

.289 

4.58 

-.00 

36054. 

9 

36.2 

.023 

1.14 

.641 

20.48 

.30 

58.01 

76566. 

88752. 

1092.1 

.335 

5.08 

.342 

4.58 

-.43 

32435. 

9 

42.0 

.019 

1.10 

.627 

16.30 

.30 

73.01 

90373. 

105834. 

1193.4 

.326 

4.93 

.486 

4.58 

-.78 

22521. 

9 

69.4 

.010 

1.16 

.545 

8.93 

.30 

88.01 

101738. 

124410. 

1265.5 

.325 

4.92 

.777 

4.58 

-1.02 

7882. 


124.2 

.005 

1.16 

.473 

4.21 

.30 

TIME.S 

95.16 

RANGE, m 
32333. 

V, FPS 
1247. 

THETA.D 

-63.6 

SPIN 

.452 

SG 

2.95 
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TABLE 9—3 

AERODYNAMIC DATA SHEET FOR 175-MM PROJECTILE, M437 


REPORT BRL Unpublished Data 

DATE 1963 

TYPE OF TEST Free flight 



Dimensions, calibers 



l^cal -0-369 j^cal 1.297 


C N P « 

M = 0.85 
' -0.75 * 0. 

M = 1.0 

25 -2*1 

M = 1.8 
-0.7 * 0.2 

M = 2.6 

-0.6 * 0.5 

Comments 



5.8 at all Mach numbers 

From BRL MR 956 (Ref. 47b) 

C u 

0.75 * .25 

1.25 * .75 

2.4 * .2 

3.0 * .2 




See curve above 





-11 * 10 

-5 1 10 

-9 * 2 

-10 * 4 


C «Pa 

-0.25 1 .1 

0.1 * .4 

0.33 * .25 

0.22 * .25 


C -P 






cp. 

location 

6 * 2 

6.5 * 2 

3.5 * 0.1 

3.1 * 0.1 

calibers from base 

S fl 

1.42 * .06 

1.38 1 .05 

1.75 * .09 

1.98 * .11 


‘do 

-0.3 * 0.3 

1.0 1 1.5 

1.28 1 0.5 

1.05 1 0.45 


s 4 2 ~%) 

-1.56 <y <0 

-1.25 <y <1.0 

0.32 <y <1.0 

0.75 <y <1.0 


1 


0.73 *.03 

0.57 * .03 

0.50 *.03 


8 0 

UNSTABLE 

METASTABLE 

STABLE* 

STABLE 

*In this test 
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TABLE 9—4 

DYNAMIC STABILITY ESTIMATE OF 175-MM PROJECTILE M437 


Projectile Type: 

Mach number: 

Air density : 

Average values of aerodynamic coefficients: 


176-nun M437 
1. M 

p = 0.000688 slug/ft 3 at 36,050 ft above sea level 


C*t a 

= 5.0 


= 1.5 

C D„ 

= 0.33 

Cu Pa 

= 0.25 

Cm q + Cm, 

8.8 


i From Unpublished 
[ BRL data 1963 


Spin, v — 0.64 rad/cal 

Diameter, d — 0.573 ft 

Axial radius of gyration, k a — 0.369 cal 

Transverse radius of gyration, k t = 1.297 cal 

Projectile mass, m — 4.58 slugs 

Gyroscopic stability factor, s t : 

_ 2 mky _ 2 (4.58) (0.369) 4 (0.64) 2 
So zfr? pcP C Ma ■ r. (1.297 ) 2 (6.88) (10’ 4 ) (0.573)* (5.0) 

Dynamic stability factor, s,i o 




2(Cz, a 4- A*a* Csi Pa ) 2[1,5 + 7.35 (0.25)] 

C La - C De - kP(C Mq + C„J ~ 1-5 - 0-33 + 0.6 (8.8) 


1.04 


**. ( 2 + «<.) = 1.0 


-= 0.049 
s„ 


.'. Dynamically Stable since 


Sg 


< 


H (2 — Si,). 
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GLOSSARY 


accuracy. The quality of correctness or freedom 
from error. Cf : precision, 
accuracy of fire. The correctness of fire as judged 
by the distance of the center of impact from the 
center of the target. 

acoustic velocity. The velocity of sound waves, or 
similar waves, in a given medium. For variation 
with altitude, in air, set ; Standard Atmosphere, 
aerodynamic jump. The average deflection of the 
trajectory which arises from the alternating lift 
forces on a yawing projectile. Drift, which 
arises from a non-zero equilibrium angle, is not 
included in aerodynamic jump, 
airspeed. The speed of a projectile relative to the 
air in which it is immersed. 

AMC (abbr). Army Materiel Command, 
angle of jump. The angle between the line of ele- 
vation and the line of departure, 
angle of yaw. The angle between the direction of 
motion of a projectile and the direction of its 
axis. In computing aerodynamic forces in the 
presence of a lateral wind the yaw angle is based 
on the direction of the relative wind, rather than 
the direction of motion of the c.g. 
atmospheric conditions. See: meteorological data, 
axial drag. The component of the aerodynamic 
force on a body in the direction of the longitud- 
inal axis of symmetry. 

axis. Unless otherwise specified, the longitudinal 
axis of symmetry. 

ballistic coefficient. A numerical measure of the 
ability of a projectile to overcome air resistance. 
It is dependent upon the mass, diameter and 
form factor, and was widely used in trajectory 
calculations before the advent of the electronic 
digital computer. 


ballistic range. A suitably instrumented area or 
enclosure in which projectile trajectories can be 
closely observed, as by spark photography ; anal- 
ysis of the observations can yield good estimates 
of the aerodynamic coefficient® of the projectile, 
blast zone. The zone of turbulent air and propel- 
lant gases through which a projectile must fly 
as it leaves the muzzle of the gun. The blast 
zone ends where, and when, the projectile enters 
undisturbed air. 

boattail. The base of a projectile when shaped like 
the frustum of a cone (or like a reversed ogive). 

< If : square base. 

boom. The central stalk or sleeve to which the fins 
of a fin-stabilized projectile are attached, 
bore. The interior of a gun barrel or tube, 
boundary layer. A thin layer of air (or other 
fluid) next to a body, distinguishable from the 
main flow by characteristics of its own, set up 
by friction. The layer within which the major 
effects of viscosity are concentrated, 
bourrelet. The cylindrical surface of a projectile 
on which the projectile bears while in the bore 
of the weapon. Conventionally the bourrelet is 
located just aft of the ogive and has a slightly 
larger diameter than the main body. In some 
cases the bourrelet extends the full length of 
the cylindrical body. In some designs a middle 
bourrelet is provided just forward of the rotating 
band. In some other designs a rear bourrelet is 
provided behind the rotating band, and in fin- 
stabilized designs a shroud or end plates on the 
fins provide a rear bourrelet. 
bourrelet diameter. The maximum diameter of 
the projectile. The frontal area used in the 
computation of aerodynamic coefficients is based 
on this diameter. 
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GLOSSARY (cont’d) 


bow wave. A shock wave caused by the compression 
of air ahead of a projectile in flight. When this 
wave touches the tip of the nose of the projectile, 
it is called an “attached bow wave” or “attached 
shock. ’ ’ 

BRL (abbr). U.S. Army Ballistic Research Lab- 
oratories. 

turning rate. For solid propellant fuels, the rate 
of motion of the burning surface (normal to 
itself). 

burnout. The termination of combustion in a rocket 
motor owing to exhaustion of the propellant sup- 
ply- 

caliber. The diameter of a projectile or the di- 
ameter of the bore of a gun. In rifled arms, the 
caliber is measured from the surface of one land 
to the surface of the land directly opposite. 
Often the caliber designation is based on a nom- 
inal diameter and represents a close approxima- 
tion rather than an exact measurement. 

Caliber may be used as a unit of length; for 
example, a 6-inch 50-caliber gun (6"/50) would 
have a bore diameter of 6 inches and a tube 
length of 50 calibers or 25 feet, measured from 
the breech face to the muzzle. 

calotte. See: meplat. 

center of impact. Center of the dispersion pattern. 
Calculated as though it were the center of gravity 
of a system of discrete unit masses placed at the 
points of impact of the individual rounds of the 
group. 

center of pressure. The point on the axis of a 
projectile (or on the chord of a fin) through 
which the resultant of a given set of aerodynamic 
forces passes. 

chamber pressure. The pressure existent within 
the gun chamber at any time as a result of the 
burning of the propellant charge. This pressure 
normally varies from atmospheric pressure to a 
peak pressure which is attained when the pro- 
jectile has traveled a short distance, then de- 
creases steadily until the projectile emerges from 
the muzzle. In this handbook P r is identified 
with the pressure existing at the base of the pro- 
jectile, although the two pressures are not exact- 
ly equal, the base pressure being perhaps 5% 


smaller than /', after the projectile has acquired 
a large fraction of its final velocity, 
complete round. All of the components of am- 
munition necessary to fire a given gun once, 
control rounds. See: reference rounds, 
damping exponent. A numerical measure of the 
rate of change of the amplitude of an oscillating 
motion. 

deflection probable error. The directional error, 
caused by dispersion, which will be exceeded as 
often as not, in a large number of rounds fired 
at a single gun setting. It is approximately one- 
eighth the greatest width of the dispersion pat- 
tern (for large samples), 
density of air. The mass of a unit volume of air. 
It varies with altitude, generally decreasing as 
the altitude increases, since it varies with the 
current temperature and barometric pressure. 
When h is altitude in feet ( h < 30,000) above 
sea level. In (p 0 /p) *» 3.2 X 10 h. p a , the stan- 
dard density of dry air at 59°F and 14.7 psi, 
is 0.002378 slug/ft 3 (NACA 1942). 
derivative. The rate change of one variable with 
respect to another. In projectile aerodynamics, 
the rate of change of an aerodynamic coefficient 
with respect to a change in the magnitude of the 
yaw angle, e.g., the slope of the C if vs a curve 
gives the static moment derivative, CV a . 
differential coefficient. See: sensitivity factor, 
differential effects. The effects upon the elements 
of the trajectory due to variations from standard 
conditions. 

dispersion. The scattering of shots fired on a target 
by the same gun (or group of guns), 
dispersion error. Chance variation in a series of 
shots even though firing conditions are kept as 
constant as possible. For practical purposes the 
dispersion error of a particular shot is considered 
the distance from the point of impact or burst 
of that shot to the center of impact or burst, 
dispersion pattern. The distribution of the points 
of impact of a series of shots obtained under 
conditions as nearly identical as possible, 
distribution. Pattern of projectiles about a point. 
The set of values taken on by a random variable 
in successive trials. 
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GLOSSARY (cont’d) 


diverging yaw. in the flight of a projectile, if the 
angle of yaw increases from the initial yaw, the 
yaw is sai<l to he diverging, 
drag. Component of air resistance in the direc- 
tion opposite to that, of the motion of the center 
of gravity of a projectile. 

drag coefficient. A number relating drag force 
to the dynamic pressure of the air stream and 
to the frontal area of the projectile, 
drift. The lateral deviation of the trajectory of 
a spin-stabilized projectile, due to the equilib- 
rium yaw. 

dynamic pressure. The pressure exerted by a fluid 
solely by virtue of its relative motion when it 
strikes an object. Proportional to density and 
the square of relative velocity [q = (Vc) P E 2 ), 
it is obviously related to the kinetic energy pos- 
sessed by, or imparted to, the fluid. Sometimes 
called “velocity head.’’ 

end plate. A narrow rectangular plate integral 
with the tip of a fin, forming a T when viewed 
in the chordwise direction. The other surface 
of the plate is curved to conform to the radius 
of the gun bore, as the end plate supplies a rid- 
ing surface for the fin in the barrel, as well as 
increasing the lift of the fin by preventing the 
flow of air around the fin tip from the lower to 
the upper surface. 

equilibrium yaw. The yaw angle to which the 
yaw of a dynamically stable projectile decays. 
Part of this angle is due to asymmetry of the pro- 
jectile, part to the effect of gravity, 
error. 1. The difference between an observed or 
calculated value and the true value. 2. In gun- 
nery, the divergence of a point of impaet from 
the center of impaet. 

fineness ratio. Ratio of length to diameter ( l/d ) of 
a projectile. 

fin-stabilized. Of a projectile, made statically stable 
by the aerodynamic moment arising from the 
presence of lifting surfaces aft of the c.g. 
firing table. Table or chart giving the data needed 
for firing a gun accurately ou a target under 
standard conditions and also the corrections that 
must be made for special conditions, such as 
winds or variations of temperature, 
flat base. Descriptive of a projectile with a cylin- 


drical base section, as opposed to a boattail, which 
see. Sometime called “square base.” 
form factor. Factor introduced into the denomi- 
nator of the ballistic coefficient (q.v.), based on 
the shape of the projectile, 
free stream. The flow of air or other fluid undis- 
turbed by the presence of a (relatively) moving 
body ; specifically the relative flow of air ahead of 
a shock wave. 

fringing groove. A groove cut into a rotating band 
to collect metal from the band while it travels 
through the bore. Excess metal so collected is 
prevented from forming a fringe behind the 
rotating band. Fringe formation has been a 
cause of excess dispersion and short range, 
frontal area. The area of the greatest circular 
cross-section of the body of a projectile 
j = (x/4)d 2 ] ; used as the reference area in de- 
fining the aerodynamic coefficients, 
gravity drop. In ballistics, the vertical drop due 
to gravity ; equal to one-half the acceleration due 
to gravity multiplied by the square of the time 
of flight. 

HEAT (abbr). High explosive antitank. A term 
used to designate high explosive ammunition 
containing a shaped charge, 
hit. An impact on a target by a projectile, 
hit probability. The expected ratio of number of 
hits to number of projectiles fired at the target. 
HVAP (abbr). Hypervelocity armor-piercing, 
hypersonic. Of or pertaining to the speed of ob- 
jects moving at Mach 5 or greater, 
impact velocity. The velocity of a projectile at the 
instant of impact on the target or target area. 
Also called “striking velocity.” 
impulse, total. In rocketry, the product of the av- 
erage thrust (in pounds) developed by the motor, 
times the burning time (in seconds), 
increment. An amount of propellant added to, or 
taken away from, a propelling charge of semi- 
fixed or separate loading ammunition to allow 
for differences in range. 

indirect fire. Gunfire delivered at a target which 
cannot be seen from the gun position, 
inhibitor. A material applied to surfaces of pro- 
pellant grains to prevent burning on the coated 
surfaces. 
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GLOSSARY 

initial mass. The iiihkn of n rocket -iiHsistcd pro 
jectile at the start of burning of the rocket, pro- 
pellant. 

initial yaw. The yaw of a projectile as it leaves the 
muzzle blast zone. 

initial yawing velocity. The rate of change of 
the yaw of a projectile as it leaves the muzzle 
blast zone. 

jump. 1. Movement of a gun tube when the gun is 
fired. 2. Angle of jump (q.v.). See: aerodynamic 
jump. 

kill probability. Probability (/’*-) that, given a hit, 
a single projectile will kill (i.e., destroy) the 
target against which it is fired. The overall kill 
probability of a single shot is the product 1‘hPk, 
where /*,/ is the hit probability, assumed to be 
independent of /’*•■ 

laminar flow. A nonturbulent airflow. 

land. One of the raised ridges in the bore of a 
rifled gun barrel. 

lateral deviation. Horizontal distance (normal to 
the line of fire) between the point of impact of a 
single round and the center of impact of the 
group. 

lift. The component of the total aerodynamic force 
perpendicular to the relative wind, and acting 
in the plane of yaw. 

line of departure. The path of the projectile as 
it leaves the muzzle; the direction of the pro- 
jectile at the instant it clears the muzzle of the 
gun, providing it has no swerving motion. 

line of elevation. The prolongation of the bore 
when the gun is set to fire. 

logarithm, natural. Defined by x = e‘ n z , where 
c — 2.71828. ... 

lot. Quantity of material, the units of which were 
manufactured under identical conditions. 

M ( abbr). 1. Mach number. 2. In such usage as 
M29, designates a standardized item. 

Mach. (Named for Ernst Mach, 1838-1916, Aus- 
trian physicist.) Frequently used for Mach 
number, which see. 

Mach angle. The acute angle between a Mach line 
and the line of flight of a moving body. 

©u = tan* 1 1 

V'M 2 - 1 


(cont’d) 

Mach effect. An effect resulting from the fact that 
an object is moving at transonic or supersonic 
speed ; a compressibility effect. Mach effect may 
lie considered in terms of (a) The changes in the 
air brought on by a shock wave, i.e., changes in 
pressure, velocity, density and temperature and 
(b) Changes in aerodynamic coefficients, such as 
drag, lift, and moment coefficients. 

Mach line. A theoretical line representing the back- 
sweep of a cone-shaped shock wave made by an 
assumed infinitely small particle moving at the 
same speed and along the same flight path as an 
actual body or projectile. This line, as repre- 
sented on any plane bisecting the shock-wave 
cone, forms an angle with the flight path usually 
somewhat more acute than the angle formed by 
the shock wave of the actual body, which depends 
among other things upon the shape of the body. 

Mach number. The ratio of the velocity of a body 
to that of sound in the medium being consid- 
ered. Thus, at sea level in the U.S. Standard 
Atmosphere, a body moving at a Mach number 
of one (M = 1) would have a velocity of 1116.2 
fps (the speed of sound in air under those con- 
ditions). 

Mach number, critical. The free stream Mach num- 
ber at which the relative speed of air and pro- 
jectile attains sonic velocity at some point on the 
projectile. 

Mach number, free stream. The Mach number com- 
puted on the basis of the velocity of the pro- 
jectile relative to air which is undisturbed by 
the presence of the projectile. 

magnus force. The lateral thrust on a rotating 
body when acted on by an airstream having a 
velocity component normal to the body’s axis 
of rotation. 

magnus moment. The moment about the body c.g. 
produced by the magnus force. 

mass. The constant of proportionality between the 
force on a body and the resulting acceleration. 
m = Wjg. Unfortunately, in previous refer- 
ences, “mass” is sometimes used as synonymous 
with “weight.” 

materiel. In a restricted sense, those things used 
in combat or logistic support operations, such as 
weapons, ammunition, motor vehicles, etc. 
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mean range. Average distance reached by a group 
of shots fired with the same firing data. 

meplat. The flat nose formed by truncation of the 
ogival portion of a projectile or point fuze. 
Sometimes the meplat is convex, and may be 
called a “calotte.” 

meteorological data. Pacts pertaining to the at 
rnospherc, (‘specially wind, temperatures and air 
density, which are used in determining correct- 
ing* to basic firing data. Often shortened to 
“metro data.” 

modal vectors. A pair of rotating arms, ealled the 
precession vector and the nutation vector, which 
when added together give the magnitude and 
orientation of the variable part of the yaw of the 
projectile at any instant. Adding the equilib- 
rium yaw to the variable part gives the total 
yaw. The precession vector is often visualized 
as originating on the tangent to the trajectory, 
and rotating slowly. The outer end of this pre- 
cession vector is taken as the origin of the nuta- 
tion vector, which rotates more rapidly, and the 
resulting epieyclic motion of the outer end of 
the nutation vector represents the motion of the 
nose of the projectile (neglecting the equilib- 
rium yaw). 

muzzle blast. Sudden gas pressure exerted at the 
muzzle of a weapon by the rush of hot gases and 
air ort firing. Muzzle blast precedes the emer- 
gence of the projectile, and forms a zone of tur- 
bulent air, gas, and smoke through which the 
projectile must fly. The length of the projectile’s 
path in the blast zone varies from about 20 feet 
to 200 feet, depending on the size of the gun 
and the amount of gas leakage past the pro- 
jectile while in the bore. 

muzzle energy. Kinetic energy of the projectile 
as it emerges from the muzzle (plus a small 
amount of energy picked up in the muzzle blast, 
where for a short distance the muzzle gases out- 
run the projectile). This is a measure of the 
power of the weapon. 

muzzle momentum. The momentum of the projec- 
tile (i.e., product of mass and velocity) as it 
leaves the muzzle. Limited by the capacity of the 
recoil system built into the gun mount. 

muzzle velocity. The projectile velocity at the 


moment that the projectile ceases to be acted 
upon by propelling forces (other than the thrust 
of a rocket motor). It is obtained by measuring 
Hie velocity over a distance forward of the gun, 
and correcting back to the muzzle for the re- 
tardation in flight. 

NBS (abbr). National Bureau of Standards. 

NOL (abbr). Naval Ordinance Laboratory. 

normal force. The component of the total aero- 
dynamic force perpendicular to the longitudinal 
axis of the projectile, and acting in the plane of 
yaw. 

NOTS (abbr). Naval Ordnance Test Station. 

nutation. The oscillation of the axis of a rotating 
body such as a spinning projectile. This occil- 
lation is superimposed on the slower motion of 
the projectile axis which is known as precession, 
which see. 

obturation. The act of, or means for, preventing 
the escape of gases. 

obturator. 1. A device (usually a ring or pad) in- 
corporated in a projectile to make the tube or a 
weapon gas-tight. 2. A device incorporated in a 
rocket motor to prevent unwanted gas leakage. 

ogive. The curved or tapered front of a projectile. 
The fuze may or may not be included as a part 
of the ogive. 

ogive, secant. An ogive generated by an arc not 
tangent to, but intersecting at a small angle, the 
cylindrical surface of the body. A secant ogive 
may have any radius of curvature greater than 
that of a tangent ogive for the same projectile, 
up to an infinite radius of curvature (i.e., a 
straight, conical ogive) ; a radius twice that of 
the tangent ogive is common. 

ogive, tangent. An ogive generated by an arc 
tangent to the generator of the cylindrical sur- 
face. Called “true ogive” by the British. 

orientation of yaw. The direction of the plane of 
yaw (q.v.) relative to some reference direction 
such as a vertical plane containing the tangent 
to the trajectory. 

overturning moment. An aerodynamic moment 
tending to increase the yaw of the projectile. 

particle trajectory. The trajectory determined by 
gravity and zero-lift drag which would be de- 
scribed by a projectile which maintained zero 
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»i»gle of yaw. A tincl'iil approximation to t h«* 
trajectory of an actual projectile, 
piezometric efficiency. The ratio of the work done 
on the projectile by the propellant (rases to the 
work that could have been done if tin? maximum 
chamber pressure had acted on the projectile 
base for the full travel in the bore ; i.e.. the ratio 
of average pressure to peak pressure, 
plane of yaw. The plane containing both the longi- 
tudinal axis of the projectile and the tangent 
to the trajectory. 

precession. A circular motion of the axis of rota- 
tion of a spinning body which is brought about 
by the application of a constant torque about an 
axis perpendicular to the axis of rotation. A 
nonconstant torque produces a noncircular pre- 
cession. 

precision. The property of having small dispersion 
about the mean. Cf : accuracy, 
pressure front. Sec: shock front, 
pressure-travel curve. Curve showing chamber 
pressure plotted against the travel of the pro- 
jectile within the bore of the weapon, 
probable error. In general, a value that any given 
error will as likely fall under as exceed. In gun- 
nery, a measure of the dispersion pattern around 
the center of impact; half of the observed im- 
pacts will lie within a band two probable errors 
wide and centered on the center of impact, 
quadrant elevation. Vertical angle between a 
horizontal plane and axis of bore of gun, just 
prior to firing. 

radius of gyration. The distance from the axis of 
rotation at which the total mass of a body might 
be concentrated without changing its moment of 
inertia about that axis. In this handbook radii 
of gyration are usually expressed in calibers, 
range correction. Changes of firing data necessary 
to allow for deviations in range due to weather, 
material, or ammunition. 

range deviation. Distance by which a projectile 
strikes beyond, or short of, the target measured 
along a line parallel to the gun-target line, 
range error. Difference between the range to the 
point of impact of a particular projectile and 
the range to the center of impact of the group 
of ohots fired with the same data. 


range probable error. /. Error in range that a gun 
or other weapon may la? expected to exceed as 
often as not. Range probable error given in the 
firing tables for a gun may be taken as an index 
of the aecuracy of the piece. 2. Ill describing the 
dispersion pattern of a group of shots, the prob- 
able error in the range direction, 
range wind. Horizontal component of true wind in 
the direction of the line of fire, 
reference rounds. Ammunition rounds of known 
performance which are fired during ballistic 
tests of ammunition for comparative purposes. 
Also called “control rounds.” 
relative velocity. The velocity of relative motion, 
especially in respect to a projectile and the air- 
stream. 

relative wind. The velocity of the air with refer- 
ence to a body in it. Usually determined from 
measurements made at such a distance from 
the body that the disturbing effect of the body 
upon the air is negligible. Equal and opposite to 
the relative velocity of a projectile, 
restoring moment. A static moment (q.v.) which 
is negative when the angle of attack is positive, 
and vice versa. 

reversed flow. Flow of the airstream from the base 
toward the nose of the projectile, such as exists 
in the muzzle blast where the blast gases are mov- 
ing faster than the projectile. 

Reynolds number. (Named after Osborne Reyn- 
olds, 1842-1912, a British physicist and engi- 
neer. ) An index of similarity used in the analysis 
of the fluid flow about scale models in wind tun- 
nel tests to determine the results to be expected 
of the flow about full-scale models. The Reynolds 
number is expressed in a fraction, the numerator 
consisting of the density of the fluid multiplied 
by its velocity and by a linear dimension of the 
body (as for example its diameter), the de- 
nominator consisting of the coefficients of vis- 
cosity of the fluid (RE — pVl/ g). 

RMS error. Sec: standard error, 
rocket motor. A nonairbreathing reaction propul- 
sion device that consists essentially of a fuel 
ehamber(s) and exhaust nozzle(s), and that car- 
ries its own solid oxidizer-fuel combination from 
which hot gases are generated by combustion and 
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expanded through a nozzle (s). (If the fuel is 
liquid the device is called a “rocket engine.”) 
roll. An angular displacement about the longi- 
tudinal axis of a projectile, 
roll rate. The time rate of projectile rotation about 
its longitudinal axis. 

roll rate, nondimensional. The product of roll rate 
and a reference length, as for example a di- 
ameter, divided by the airspeed (v = =pd/V). 
Usually called “spin.” 

rolling moment. An aerodynamic moment about 
the longitudinal axis of a projectile, tending to 
change the roll rate. 

rolling velocity. Angular velocity; roll rate, 
root mean square. The square root of the arith- 
metical mean of the squares of a set of numerical 
values. 

rotating band. Soft metal band around a projectile 
near its base. The rotating band centers the 
projectile and makes it fit tightly in the bore, 
thus preventing the escape of gas, and by en- 
gaging the rifling gives the projectile its spin, 
round (of ammunition). 1 . Short for complete 
round, which see. 2. A shot fired from a weapon, 
scale effect. An effect in fluid flow that results 
from changing the scale but not the shape of a 
body around which the flow passes. Reynolds 
number is useful in the assessment of scale effect, 
schlieren. 1. Gradients or variations in gas density, 
from the German word. 2. An optical system 
which either cuts off or passes a large change in 
light intensity, owing to the slight refraction of 
the light passing through the gas. This phe- 
nomenon is often used to make turbulence and 
shock waves visible by photographic means: 
hence, “schlieren photographs.” 
sectional density. The ratio of the weight of a pro- 
jectile to the square of its diameter. A measure 
of the mass per unit of frontal area, and there- 
fore of the deceleration due to drag, 
sensitivity factor. The percent change in range (or 
deflection) produced by a one percent change in a 
parameter affecting range (or deflection), such 
as muzzle velocity or initial yawing velocity. 

Also called “differential coefficient.” See: dif- 
ferential effects. 


(cont’d) 

separation. 1. The pheuomenon.in which the bound- 
ary layer of the flow over a body placed in a mov- 
ing stream of fluid (or moving through the fluid) 
separates from the surface of the body. 2. The 
point on the body at which the separation be- 
gins. Also called “separation point.” 
setback acceleration. The peak acceleration ex- 
perienced by the projectile during launching. 
Usually expressed in terms of the acceleration 
due to gravity, e.g., “the setback acceleration 
was 40000 g’s” or about 1,286,400 ft/sec 2 , 
shock front. The outer side of a shock wave, at 
which the pressure rises from zero up to its peak 
value. Also called a “pressure front.” 
shock wave. 1. A boundary surface or line across 
which a flow of air or other fluid, relative to a 
body or projectile passing through the air or 
fluid, changes discontinuously in pressure, ve- 
locity, density, temperature and entropy within 
an infinitesimal period of time. 2. Such a bound- 
ary surface or line that comes into being when an 
object moves at transonic or supersonic speeds. 
■i. Such a surface or line produced by the ex- 
pansion of gases away from an explosion (or 
through a nozzle). 

shroud. A tubular section encircling the tips of the 
fins, and usually integral with the fins. The 
shroud often forms a rear riding surface for the 
projectile in the bore of the gun. 
slug. The engineering unit of mass, chosen such 
that a force of one pound acting on a unit mass 
will produce an acceleration of one foot per 
second per second. Since the weight of a body is 
equal to the product of its mass and the accelera- 
tion of gravity, the weight of a body having a 
mass of one slug is 32.17 lbs (at sea level at 45° 
latitude ) . 

span. The maximum dimension of an airfoil (e.g., 
a coplanar pair of fins) from tip to tip. 
spark range. A firing range in which projectiles 
in free flight can be photographed by the light 
from an electric spark which is triggered by 
passage of the projectile. See: ballistic range, 
specific impulse. The total impulse produced by 
burning a pound of rocket fuel. At constant 
thrust and mass burning rate, the thrust pro- 
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dueed per unit of mass burning rate, i.e., pounds 
per lb/sec. 

specific weight. Weight per unit volume. 

spike. A subcaliber cylinder, often slightly tap- 
ered, which replaces the ogive of a projectile, 
increasing the drag but moving the center of 
pressure of the lift force nearer the base of the 
projectile. 

spin. See: roll rate, nondimensional. 

spin rate. See: roll rate. 

spin stabilization. Method of stabilizing a projec- 
tile during flight by causing it to rotate about its 
own longitudinal axis. 

spotting charge. A small charge such as black 
powder, in a projectile under test, to show the 
location of its point of functioning (usually its 
point of impact). 

square base. Descriptive of a projectile with a 
cylindrical base section, as opposed to a boattail, 
which see. Also called “flat base.’’ 

stability. A characteristic of a projectile that 
causes it, if disturbed from its condition of 
equilibrium or steady flight, to return to that 
condition. 

stability factor, dynamic. A number related to the 
yaw damping characteristics of a projectile. 

stability factor, gyroscopic. A number relating tin* 
angular momentum of a projectile to the slope 
of its aerodynamic overturning moment. Long 
used as a sole criterion of projectile stability and 
called simply the “stability factor," s. A neces- 
sary, but not sufficient, condition for stability is 
that this factor be greater than unity, or nega- 
tive. 

stability, static. Stability in the absence of spin. 
In general, a mechanism is statically stable if 
any displacement from a rest position creates a 
force or moment opposing the displacement. 

Standard Atmosphere. The standard atmosphere 
for the United States Armed Services is the 
U.S. Standard Atmosphere which is that of 
the International Civil Aviation Organization 
(ICAO). This standard atmosphere assumes a 
ground pressure of 760 mm of mercury (14.69 
psi) and a ground temperature of 15°C (59°F). 
The temperature throughout the troposphere ex- 


tending up to 11 kilometers (approx. 36,000 ft) 
is given by: 

T(°V) = 59 — 0.00356 h 
where h is the height above sea level measured 
in feet. In the stratosphere, extending from 11 
kilometers to 25 kilometers (approx. 82,000 ft) 
the temperature is assumed to be a constant 
216.66“ K ( — 69.7°F). Above the stratosphere 
other laws are assumed. Temperature is signifi- 
cant because the acoustic velocity in feet per 
second is given by 

V a = 49.1 v/460 + T T in °F 
standard deviation. In the field of testing, a mea- 
sure of the deviation of the individual values of 
a series from their mean value. The standard 
deviation of a sample is expressed algebraically 
bv the formula. 


a 




S(x.' - X ) 2 


N 


where i' 


means 


the sum of N individual squared differences, the 
Xi are the individual values, x is the mean 
(i=2! Xi/N), and N is the number of individuals 

I 

in the sample. The best estimate of a, the stan- 
dard deviation of the lot from which the sample 
was drawn, is obtained by multiplying the sample 
value, .v, by \/~N/(N- 1). 

standard error. The square root of the average of 
the squares of all the errors. When error is 
identified as the difference between an observed 
point and the means of the observations, standard 
error becomes identical with the sample standard 
deviation. It might also be called the “RMS 
error. ’ ’ 

standard muzzle velocity. Velocity at which a given 
projectile is supposed to leave the muzzle of a 
gun. The velocity is calculated on the basis of 
the particular gun, the propelling charge used, 
and the type of projectile. Firing tables are 
based on standard muzzle velocity. 

standard projectile. That projectile which a given 
gun was primarily designed to fire. 

static moment. An aerodynamic moment related 
only to angle of yaw. 

static pressure. The pressure which is exerted by 
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u fluid at real, or which would be indicated by 
a (fane placed in the atream ami moving with 
the Name velocity as the stream. It. is the pressure 
arising from the random motions of the mole 
eules of the fluid, rather than their organized 
motion in the direction of the flow, 
steady state. The condition of a system which is 
essentially constant after damping out initial 
transients or fluctuations, 
sting. A rod or type of mounting attached to, and 
extending backward from, a model, for conven- 
ience of mounting when testing in a wind tunnel, 
subsonic. Pertaining to relative motion between a 
body and a surrounding fluid at a speed less than 
the speed of sound in the same fluid, 
summit of trajectory. Highest point that a pro- 
jectile reaches in its flight, 
swerving motion. In flight, the motion of the cen- 
ter of gravity of a projectile perpendicular to its 
particle, or zero-lift, trajectory, 
system reliability. The probability that a system 
will perform its specified task under stated tac- 
tical and environmental conditions. This will in- 
clude accuracy. 

T (subscript). In aerodynamic data, relating to 
tail alone configuration. 

terminal velocity. 1. The constant velocity of a 
falling body attained when the resistance of air 
or other ambient fluid has become equal to the 
force of gravity acting on the body. Sometimes 
called “limiting velocity.” 2. Velocity at end 
of trajectory, i.e., impact velocity, 
time of flight. Elapsed time in seconds from the 
instant a projectile leaves the gun until the 
instant it strikes or bursts, 
tolerance. The permissible difference between the 
two extremes in dimension, weight, strength or 
other quality which will not cause rejection of 
an item. 

trajectory. The curve in space traced by the center 
of gravity of the projectile, 
transition flow. A flow of fluid, about a body, that 
is changing from laminar flow to turbulent flow, 
transonic range. The range of speeds between the 
speed at which one point on a body reaches su- 
personic speed (relative to the airflow in the 


(cont’d) 

vicinity of that point) and the speed at which the 
shock wave system is fully developed, 
transonic speed. A speed within the transonic 
range. 

transverse axis. In a projectile, any axis normal 
to the longitudinal axis and passing through the 
center of gravity. 

trim. The equilibrium attitude of the longitudinal 
axis of the projectile relative to the tangent to 
the trajectory ; equilibrium yaw. 
turbulent flow. An unsteady flow characterized by 
the super-position of rapidly varying velocities 
on the main velocity of flow, in contrast to the 
smooth, steady laminar flow in which velocity 
varies with distance but only slowly with time, 
twist (of rifling). Inclination of the spiral grooves 
of the rifling to the axis of the bore of the 
weapon. It is expressed as the number of calibers 
of length in which the rifling (and therefore the 
projectile) makes one complete turn. A right 
hand twist is such as to impart a right hand 
(clockwise) rotation to the projectile when 
viewed from the rear. Most U.S. guns have right 
hand twist. 

utility. A numerical scale for comparing prefer- 
ences between alternatives. Usually defined on 
the interval 0, 1 because of its relation to prob- 
ability. 

vacuum trajectory. The path of a projectile sub- 
ject only to gravity. A first approximation to the 
trajectory of an actual projectile, 
vector. 1. An entity which has both magnitude and 
direction, such as a force or velocity. 2. In con- 
nection with the yawing oscillations of projec- 
tiles, the rotating arms which can be used to rep- 
resent the components of the yaw are termed 
modal vectors, which see. 

velocity. Speed, or rate of motion, in a given di- 
rection and in a given frame of reference. In 
many contexts no distinction in meaning is made 
between speed and velocity, the symbol V often 
being used in equations in which the magnitude 
of the velocity, i.e., the speed, is the only attri- 
bute of velocity which is being considered, 
velocity head. See: dynamic pressure, 
viscosity, coefficient of. The ratio of the shearing 
stress to the velocity gradient in a boundary 
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layer. Dependent on the fluid and on its tem- 
perature. 

n a ir at 59° P = 3.72 X 10 - 7 lb-sec/ft 2 

wake. The zone of turbulent flow behind the base 
of a projectile. 

wash. The surge of disturbed air or other fluid 
resulting from the passage of something through 
the fluid. Includes the wake and bow and side 
waves. 

wave, expansive. An oblique wave or zone set up 
in supersonic flow when the change in direction 
of the airflow is such that the air tends to leave 
the new surface, such as flow around the juncture 
of a cylinder and a cone (e.g., at the forward 
end of a boattail). This condition is called “flow 
around a corner. ” The air after passing through 
an expansive wave or zone has a lower density, 
static presure, and freestream temperature and 
has higher velocity and Mach number. Visible 
as a darkened zone in schlieren photographs, 
these waves are often called “expansion fans.” 

wave length. 1. The distance traveled in one period 
or cycle by a periodic disturbance. 2. Of yaw 
of a projectile, the distance traveled by the pro- 
jectile during one cycle of yaw. 


yaw. /. The angle between the direction of motion 
of a projectile and the direction of the longi- 
tudinal axis of the projectile. 2. The oscillation 
of the direction of the longitudinal axis (as in 
“wavelength of yaw’’). 2. To acquire an angle 
of yaw; to oscillate in yaw. 
yaw of repose. That part of the equilibrium yaw 
which is due to gravity, 
yaw drag. Drag due to yaw. 
yawing moment due to yawing. Term sometimes 
used for the damping moment, 
yawing velocity. Time rate of change of yaw ; the 
change may be a change in magnitude or direc- 
tion, or both. 

zone charge. The number of increments of propel- 
lant in a propellant charge of semifixed rounds, 
corresponding to the intended zone of fire, 
zone of fire. The range interval which can be cov- 
ered by a round containing a given number of in- 
crements of propellant, i.e., the coverage obtain- 
able by changing quadrant elevation at a constant 
muzzle velocity. 

zoned ammunition. Semifixed or separate loading 
ammunition in which provision is made for add- 
ing or removing propellant increments. 
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